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Abstract 
 
Contamination of poultry products with food borne pathogens is a consistently recurring 
problem in the United States and the world. Recalls associated with chicken contamination are 
responsible for considerable economic losses to the poultry industry. Many decontamination 
steps are currently in place to reduce the likelihood of contaminated products reaching the 
consumer, but despite these safeguards, contamination events are still uncomfortably frequent. 
Irradiation is a safe and effective means of ensuring the safety of both ready-to-cook and ready- 
to-eat poultry but is not utilized in the United States. This is due, in part, to certain irradiation 
dose-dependent quality characteristic defects associated with irradiated chicken. Irradiation 
decreases the shelf life of poultry by increasing the rate of lipid oxidation leading to rancid off- 
flavors and off-odors and causes discoloration of the muscle tissue whereby the muscle appears 
pink even after cooking. These irradiation-induced defects, the capital costs associated with 
installing the equipment needed for irradiation treatments, along with a general reluctance on the 
part of U.S. citizens to purchase irradiated meat and poultry, contribute to unwillingness of U.S. 
poultry producers to take advantage of irradiation as a decontamination strategy. This 
dissertation investigates the potential of vacuum-infused organic acids and select plant extracts 
for use in conjunction with electron beam irradiation at low levels as antimicrobials in a multiple 
hurdle approach to poultry decontamination and as antioxidants to mitigate the irradiation dose- 
dependent quality defects. This dissertation also investigates the effect of tartaric acid and grape 
seed and green tea extracts on the physicochemical properties and consumer 
perception/acceptance of irradiated chicken breast meat. 
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Chapter I 
Introducation 
Many pathogenic species of bacteria are associated with raw chicken meat. 
 
Salmonella serovars and Campylobacter jejuni are often found in the intestinal tract of live 
poultry and represent a contamination risk upon slaughter and further processing of chicken 
carcasses. The primary serotypes of Salmonella causing disease are Agona, Bareilly, Hadar, 
Oranienburg, and Typhimurium (McClure 2002). Salmonellosis results in acute symptoms such 
as “nausea, vomiting, abdominal cramps, diarrhea, fever, and headache” (U.S. Food and Drug 
Administration 1992). Contamination of ready-to-eat poultry products with Listeria 
monocytogenes is of particular concern due to the ability of L. monocytogenes to survive and 
grow at refrigeration temperatures and the fact that ready-to-eat poultry products are not intended 
to require an ‘at-home’ thermal treatment. Listeriosis can result in “septicemia, 
meningoencephalitis, encephalitis, and intrauterine or cervical infections in pregnant women, 
which may result in spontaneous abortion” (U.S. Food and Drug Administration 1992). 
Evaluations designed to detect Escherichia spp. are commonly conducted by the poultry industry 
as a means of detecting fecal contamination although, the species of E. coli found in poultry fecal 
matter are typically harmless strains. A 2000 report estimates 1.34 million food-related non- 
typhoidal Salmonella cases occur each year in the United States with approximately 0.78% 
fatality rate (Mead and others 2000). It has been estimated that 2,493 cases of listeriosis occur 
each year in the United States resulting in 499 deaths (Mead and others 2000). The costs of food 
borne diseases to the safety of consumers and the financial impact of recalls, hospitalizations, 
2  
and treatments make the control of pathogens an important issue for food researchers. More 
effective means of ensuring the safety of meat and poultry products is needed. 
There are currently no steps in place, such as cooking, to destroy pathogenic bacteria on 
meat and poultry sold raw until it reaches the consumer. Consumers have been shown through 
surveys to engage in unsafe sanitation and food consumption practices such as not washing 
hands and/or cutting boards after preparing raw meats and poultry and eating pink hamburgers 
and undercooked eggs (Altekruse and others 1999). Different technologies have been applied to 
reduce the level of spoilage and pathogenic microorganisms from meat and poultry products. 
Organic acids have been used as antimicrobial components of spray washes (Berry and Cutter 
2000, Dubal and others 2004), dips (Anang and others 2007), in feed additives (Müjdat and 
others 1999), and incorporated into comminuted meat products (Juneja and Thippareddi 2004, 
Maca and others 1997, Mbandi and Shelef 2002). Besides organic acids, many other chemicals 
have been used for intervention strategies. Chlorine in many forms is widely used around the 
world on fruits and vegetables as a sanitizer. Hypochlorous acid (HOCl) is an effective 
antimicrobial due to the oxidizing effect it exerts. Chlorine is not allowed for use on meats and 
poultry, but is used in chiller water. Also, there exist issues with gaseous chlorine and chlorine 
solutions reacting with phenolic compounds forming chlorophenols, which are associated with 
tainting and potential human health risks. Ozone is also an effective antimicrobial but is limited 
in its use with meat due to color, flavor, and odor defects induced by the oxidizing effect of 
ozone. Green tea and grape seed extracts, along with their phenolic constituents, have also been 
shown to have antimicrobial activity (Kubo and others 1992, Amarowicz and others 2000, Yoda 
and others 2004, Sivarooban and others 2006, 2007, and 2008, Kumudavally and others 2008, 
Bañón and others 2007).  This activity is most likely due to the combined effects of adsorption 
3  
of polyphenols to bacterial membranes with membrane disruption and subsequent leakage of 
cellular contents (Otake and others 1991, Ikigai and others 1993) and the oxidative generation of 
hydroperoxides from polyphenols (Arakawa and others 2004). 
Irradiation has been found to be a safe and effective measure to inhibit spoilage and 
pathogenic bacteria on meat and poultry (Gants 1996, U.S. Food and Drug Administration 2000). 
Unfortunately, consumers generally believe irradiated food products pose a threat to health   
(Food Marketing Institute 1997) although, consumer acceptance of irradiated foods increases  
with increasing information about the safety of the practice (Hashim and others 1995, Bruhn 
1995, 1997). Surveys show the percentage of people who are willing to buy irradiated foods has 
increased over the last 25 years (Johnson and others 2004). It has been shown that unfavorable 
information, even from a source with unknown legitimacy, has a greater effect on consumer 
purchasing potential of irradiated products than favorable information from a known reputable 
source (Fox and others 2002). The increased costs associated with irradiated meat and poultry 
also affect consumer purchasing habits (Frenzen and others 2000) 
Maximum dose strength of 3 kGy is allowed for raw, fresh or frozen, poultry (FSIS 
1999). Irradiation of poultry meat at this level results in undesirable changes in sensory 
characteristics that could negatively affect consumer preference. Irradiation of meat and poultry 
increases the rate of lipid oxidation, results in off-flavors and odors, and causes a pink color 
defect that persists after cooking (Luchsinger and others 1996, Nanke and others 1998, Kanatt 
and others 1998, Chen and others 1999, Jo and others 1999, Nam and others 2001, Millar and 
others 2000, Ahn and others 2000, Nam and Ahn 2002a, 2002b, Holownia and others 2003). 
These quality considerations, along with consumer reluctance to buy irradiated foods, the capital 
costs of irradiation equipment and consumer reluctance to pay the extra costs of irradiated 
4  
products are the reasons widespread use of irradiation as a means of microbial decontamination 
of raw chicken meat is underutilized. 
It has been reported that most decontamination strategies rely on either physical 
treatments or the use of chemicals to destroy microorganisms (James 2002).  A multiple hurdle 
approach to food safety is the use of multiple preservation technologies to decontaminate and 
prevent the growth of microorganisms (Leistner and Gould 2002). One possible means of 
decontaminating poultry meat while preserving quality is the use of multiple hurdle technology. 
The sensory quality defects associated with irradiation of poultry meat are dose-dependent, 
increasing with increased irradiation dose strength. With the addition of antimicrobial additives, 
it may be possible to reduce the irradiation dose while maintaining an acceptable level of 
pathogen destruction. Such reduction of irradiation dose will lessen the negative effects of 
irradiation on the sensory attributes of irradiated poultry meat. 
Irradiation destroys bacteria primarily by causing breaks (single and double stranded) in 
the DNA of the bacteria thus preventing reproduction and interfering with many cellular 
functions. If the damage is extensive it may exceed the ability of the bacteria to repair (Grecz 
and others 1983). Organic acids destroy bacteria primarily by decreasing the internal pH after 
entering in an undissociated form and once encountering the near-neutral pH of the cytoplasm 
releasing protons. The bacterial cells are forced to use energy to pump the extra protons out of 
the cytoplasm in order to utilize their ATP generating system, which operates based on a proton 
gradient between the cytoplasm and the surrounding environment (Jay and others 2005). The 
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combination of irradiation and organic acids should in theory have complementary destructive 
actions. 
Water hoding capacity (WHC) is the ability of meat to hold water (Lyon and Lyon 2001). 
 
WHC is important in the poultry industry because it is typically associated with meat juiciness 
and tenderness. It is well documented that as the unltimate pH of muscle foods increases, so 
does WHC (Bouton and others 1971, 1972, Richardson and Jones 1987). Because the infusion 
of organic acids to poultry meat has an effect on the ultimate pH of the meat, it is important to 
assess the effect this treatment has on WHC and tenderness. 
It has been shown that the quality defects associated with the irradiation of poultry and 
other meats (lipid oxidation, pink color formation, and sulfur volatile formation) can be lessened 
by the addition of antioxidants (Kanatt and others 1998, Nam and others 2001, Du and Ahn  
2002, Rababah and others 2004, Rababah and others 2006, Nam and Ahn 2003, Nam and others 
2007). Due to concerns about toxicity and carcinogenicity of synthetic antioxidants, a push to 
find natural antioxidants with comparable antioxidant effect has been seen. Rababah (2006) was 
able to show that vacuum-infusion of green tea and grape seed extracts at 6000 ppm was a useful 
strategy for lessoning the effect of irradiation on the rate of chicken lipid oxidation. 
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The objectives of the proposed study are to: 
 
1. Evaluate malic, citric, and tartaric acids and selected plant extracts in broth culture 
study for antibacterial activity against Listeria monocytogenes V7 serotype (1/2a), 
Salmonella Typhimurium, and Escherichia coli O157:H7. 
2. Evaluate effectiveness of malic, citric, acetic, tartaric, and lactic acids and selected 
plant extracts as inhibitory compounds against Salmonella Typhimurium, Listeria 
monocytogenes, and Escherichia coli O157:H7, when vacuum-infused into raw 
boneless/skinless chicken breast meat. 
3. Evaluate the efficacy of plant extract and organic acid combinations found to be most 
effect in objective 3 on the microbial safety of raw, boneless/skinless chicken breast 
meat pieces inoculated with Listeria monocytogenes V7 serotype (1/2a) and irradiated 
at 0, 1.0, 2.0, and 3.0 kGy by electron beam irradiation. 
4. Assess the physicochemical characteristics and oxidative stability of raw, 
boneless/skinless chicken breast meat vacuum-infused with organic acids and plant 
extracts from objective 4 and irradiated at levels exhibiting maximum effectiveness 
when combined with treatments against the pathogens from objective 3. 
5. Evaluate flavor, appearance, texture, and overall acceptability of irradiated, raw, 
boneless/skinless chicken breasts vacuum-infused with selected plant extracts and 
organic acids that exhibited maximum effectiveness as antimicrobials. 
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Dissertation format 
 
This dissertation is written as a series of five technical papers that are designed as  
Chapter III, Chapter IV, Chapter V, Chapter VI, and Chapter VII. The papers are forwarded by a 
literature review of relevant articles and research, Chapter II. The final Chapter, Chapter IX, is a 
summary and conclusions. 
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Chapter II 
 
 
Literature Review 
 
Plant extracts, phenolics, antimicrobial/antioxidant properties 
 
Phenolic compounds derived from plants have been shown to have both antibacterial and 
antioxidant activity. Two excellent plant sources of polyphenolic compounds are grape seeds  
and green tea. Phenolic compounds in foods originate from one of the primary classes of 
secondary metabolites derived from phenylalanine (Van Sumere 1989, Shahidi 2000, 2002). The 
chemical structure of phenolics is characterized by an aromatic ring bearing one or more  
hydroxyl groups, as well as, their functional derivatives (Shahidi and Naczk 2004). The range of 
chemical structures of phenolic compounds includes simple molecules such as benzoic, caffeic, 
sinapic acids and highly polymerized molecules like tannins. The phenolic compounds found in 
foods typically belong to simple phenolic acids, flavonoids, lignans, stilbenes, coumarins, and 
tannins. 
Phenolic compounds function in plants as sources of pigmentation, pesticides, pollinator 
attractors, as protection from UV light damage, and as structural materials. The astringency of 
some plant foods is attributed to polyphenolic compounds (Clifford 1992), other studies have 
shown health-related benefits for some phenolics (Huang and others 1992, Shrikhande 2000, 
Keen and others 2005, Beattie and others 2005). 
Antibacterial activity of plant extracts 
 
The antibacterial effectiveness of GTE catechins and grape seed procyanidins has been 
linked to the number of galloyl groups (3,4,5-trihydroxybenzoyl groups) (Taguri and others  
2004, 2006) in the molecule. Procyanidins have been shown to inhibit the growth of strains from 
Aeromonas spp., Bacillus spp., Clostridium botulinum, Clostridium perfringens, Enterobacter 
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spp., Klebsiella spp., Proteus spp., Pseudomonos spp., Shigella spp., S. aureus, Streptococcus 
spp., and Vibrio spp. (Chung and others 1998). Green tea and grape seed extracts enjoy GRAS 
status and, along with their phenolic constituents, have also been shown to have antimicrobial 
activity (Kubo and others 1992, Amarowicz and others 2000, Yoda and others 2004, Sivarooban 
and others 2006, 2007, and 2008, Kumudavally and others, Bañón and others 2007). This 
activity is thought to be most likely due to the combined effects of adsorption of polyphenols to 
bacterial membranes with membrane disruption and subsequent leakage of cellular contents 
(Otake and others 1991, Ikigai and others 1993) and the oxidative generation of hydroperoxides 
from polyphenols (Arakawa and others 2004). 
Friedman and Jürgens (2000) reported nonreversible structural changes using UV spectral 
analysis for monoring phenolic structures such as caffeic and gallic acids, as well as the caffeic 
acid ester chlorogenic acid at pH levels greater than 7. These structural changes were attributed  
to the formation of quinones by the phenol OH groups of the three acids. In their work, 
Friedmann and Jürgens (2000) also found that complex phenolic compounds such as epicatechin, 
epigallocatechin and rutin were less susceptible to pH-induced degradation.  This resistance was 
thought to be due to the fact that the OH groups of the first benzene ring of these structures is in 
the meta position and is unable to form quinines. Rhodes (2006) found that the antilisterial 
activity of grape juice was pH dependent with a dramatic decrease in antilisterial activity at pH 
7. Conversely, Hirasawa and Takada (2004) reported a significant decrease in minimum 
fungicidal concentration of epigallocatechin-gallate against C. albicans as pH was changed from 
7.0 to 6.5 with the minimal fungicidal concentration increasing from 15.6 – 250 mg/L to 500 – 
1000 mg/L, respectively. Canillac and Mourey (2004) reported that epigallocatechin-gallate, 
when challenged with H. pylori, was bacteriocidal at pH 7.0 but exhibited a much weaker effect 
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at pH 4.0 and 5.0. The pH of Brain Heart Infusion (BHI) containing 0, 18.75, and 37.5 mM 
tartaric acid (TA) were determined to be 4.05, 5.09, and 7.4. The differences between 
effectiveness of both GT and GS under various pH conditions need to be further examined. 
Plant extracts and antioxidant activity 
Synthetic phenolic antioxidants including: butylated hydroxyanisole (BHA), butylated 
hydroxytoluene (BHT), propyl gallate (PG), dodecyl gallate (DG), and tertiary- 
butylhydroquinone (TBHQ), are currently permitted for use in foods (21CFR172. Part 172, 
2009. Food Additives Permitted for Direct Addition to Food). Due to concerns of potential 
toxicity, detrimental effects on health associated with the use of synthetic compounds in foods, 
and reluctance on the part of consumers to have synthetic compounds in their food, natural 
alternatives with effective antioxidant activity are sought after in the food industry. Many plant- 
derived phenolic compounds act as antioxidants. In fact, the individual phenolic constituents of 
tea have been demonstrated to have superior antioxidant activity to BHA and dl-α-tocopherol at 
similar molar concentrations in lard (Matsuzaki and Hara 1985, Namiki 1990). Phenolic 
compounds can act as reducing agents, metal chelators, and singlet oxygen quenchers (Shahidi 
and Naczk 1995). Flavonols chelate metal ions at the 3-hydroxy-4-keto and/or the 5-hydroxy-4- 
keto groups. The mechanism of their action as reducing agents is attributed to their ability to 
donate a hydrogen or electron to a free radical initiator thereby interrupting the autoxidation 
process. The radical intermediates formed from the donating phenolic are stable due to 
resonance delocalization and difficulty of molecular oxygen to find suitable sites for attack due 
to steric hindrance (Sherwin 1978, Nawar 1996). The antioxidant activity of phenolic 
compounds is determined by the number of hydroxyl groups in the molecule (Pratt and Hudson 
1990). Due to consumer desire to have natural ingredients in their foods (Devcich and others 
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2007) and the often-made link between ‘natural’ ingredients and perceived safeness (Drew and 
Lyons 1988), a push toward finding novel sources of natural antioxidants has occurred. Grape 
seed, green tea, and fenugreek seed extracts have shown potential as prospective natural 
antioxidants (Rababah and others 2004, 2006). 
The phenolic constituents of green tea extracts (GTE) are primarily flavanols such as (-) 
epicatechin gallate (ECg), (-) epigallocatechin (EGC), (-) epigallocatechin gallate (EGCg), (-) 
epicatechin (EC), (+) catechin, and their derivatives, flavonols (quercitin, kaempferol, and their 
glycosides), flavones (vitexin and isovitexin), and phenolic acids (gallic acid, chlorogenic acid, 
theogallin) (Wickremasinghe 1978). These secondary metabolites are synthesized through the 
malonic acid and shikimic acid pathways. Flavanols in green tea have been shown to have 
antioxidant activity. The antioxidant activity order of GTE catechins in model system is, from 
most activity to least: EGCg, EGC, ECg, EC (Shahidi and Naczk 1995). 
The phenolic constituents of grape seed extracts (GSE) are primarily proanthocyanidins 
with procyanidins constituting the majority of polyphenols. It has been reported that circa 55%  
of grape seed procyanidins are polymeric molecules with a degree of polymerization (DP) ≥ 5 
(Prieur and others 1994). The other constituent procyanidins are dimers and trimers with DP ≤ 5. 
Grape seed procyanidins have been shown to have antioxidant activity (Jayaprakasha and others 
2001, 2003) 
Organic acids 
 
Organic acids are a class of compounds found either naturally in fruits and vegetables or 
synthesized by microorganisms through fermentation. The major organic acids found in plants 
are acetic, citric, benzoic, malic, succinic, and tartaric. Organic acids have long been known for 
their antimicrobial attributes and have been studied for this purpose in edible films 
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(Eswaranandam and others 2004a, 2004b, Eswaranandam and others 2006), calcium alginate gel 
coatings (Siragusa and Dickson 1992, Fang and Tsai 2003), antimicrobial dips (Anang and  
others 2007), spray washes (Berry and Cutter 2000, Dubal and others 2004), have been 
incorporated into comminuted meat products (Maca and others 1997, Mbandi and Shelef 2002, 
Juneja and Thippareddi 2004) and used in conjunction with other processes such as pulsed 
electric field pasteurization (Liu and Chism 1997). In such studies, organic acids have been 
shown to inhibit a range of pathogenic bacteria including Escherichia coli O157:H7, Listeria 
monocytogenes, Salmonella Gaminara (Eswaranandam and others 2004a) and Enteritidis (Anang 
and others 2007), and Staphylococcus aureus (Scannell and others 1997). 
The effectiveness of organic acids as microbial inhibitors is related to the carbon chain 
length and susceptibility of the microorganisms. However, the primary factor of importance is 
the pH of the environment. Early research implicated the undissociated form of the acids as 
responsible for their antimicrobial properties (Cruess and Irish 1932, Fabian and Wadsworth 
1939). Sheu and Freese (1972) observed that short chain fatty acids changed the cell membrane 
structure and believed this either interfered with ATP synthesis by uncoupling the electron 
transport system (ETS) or interfered with the transport of metabolites into the cell. Further work 
by Sheu and coworkers identified the mechanism as an uncoupling of the amino acid carrier 
proteins from the ETS, thereby inhibiting amino acid transport (Sheu and others 1972). The 
inhibitory effect of organic acids on bacteria has traditionally been linked to pH depression, 
where metabolic inhibition occurs by entry of the undissociated form of the acids into bacterial 
cells where partial dissociation occurs, decreasing the cytoplasm pH and interfering with the 
proton motive force of the cell membrane (Jay and others 2005). The hydrogen protons and the 
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acid anions accumulate in the cell and inhibition of essential metabolic functions (Krebs and 
others 1983) and the accumulation of toxic anions (Russell 1992). 
It was reported that tartaric acid acts synergistically with antioxidants to prevent rancidity 
(Gardner 1972). Tartaric acid has been found to be an effective stabilizer of commercial beef, 
mutton tallow and lard (Hartman 1953). In a study using photostorage chemiluminescence 
(PSCL) to measure the antioxidant activity of lipophilic compounds, tartaric and malic acids  
were found to possess more antioxidant activity than either citric and ascorbic acids or trolox at 
similar concentrations (Papadopoulos and others 2001).  The mechanism of antioxidant activity 
of tartaric and malic acids is most likely due to their metal-chelating ability and subsequent 
removal of pro-oxidant metal ions. 
The vacuum-infusion of organic acids into whole boneless/skinless chicken breasts could 
affect the overall pH of the meat. This is a concern because the pH of muscle foods has an 
impact on other quality characteristics. It has been reported that low pH of poultry meat is 
correlated with low water holding capacity (WHC) which is an important economic  
consideration because low WHC leads to drip-loss upon cooking (Van Laack and others 2000). 
Low pH has also been reported to decrease the tenderness of poultry breast meat (Khan 1974) 
and turkey meat (Froning and others 1978, Barbut 1993). 
Irradiation of poultry meat results in sensory quality defects that may be manageable by 
the use of natural antioxidants and decreased irradiation dose through the use of multiple hurdle 
approaches. Organic acids, used in conjunction with plant extracts, have the potential for 
application in the poultry industry. 
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Poultry meat 
 
Over the last 37 years, average poultry consumption in the U.S. has seen phenomenal 
growth. The Economic Research Service/United States Department of Agriculture (ERS/USDA) 
reported the average consumption of chicken in 1970 to be 40.3 lbs, in 2007 that total had 
increased to 87.0 lbs (ERS/USDA 2008). Meat in general has a significant role in the diets of 
many, being an important source of protein, essential amino acids, minerals and trace elements, 
and B vitamins (Buckley and others 1995). In 2007 Arkansas ranked a close 2nd behind Georgia 
for broiler production with a total of 1,172,300 broilers produced (USDA National Agricultural 
Statistics Service 2008). 
Microbial contamination 
 
Poultry meat is considered a ‘wholesome, nutritious and cheap’ source of protein, but 
suffers from an association with human food borne illnesses (Mead 1989). Contamination of 
food products with food borne pathogens is of enormous concern to public health the world over, 
causing sickness and death and considerable economic losses. The ERS/USDA calculated the 
number of cases of salmonellosis, Shiga toxin-producing E. coli O157:H7, and listeriosis each 
year to be 1.3 million, 73,480, and 2,797, respectively with an estimated cost in 2007 dollars of 
$2.54 billion and $459 million for Salmonella and E. coli O157:H7, respectively (no data 
calculating estimation of costs for Listeria was provided). 
Intervention strategies 
 
Most microbial intervention strategies currently in use in the meat industry are either 
physical or chemical (James 2002). Typical physical decontamination strategies for poultry 
include trimming of visually identifiable foreign materials, water spray washing at various 
pressures and temperatures and various positions of the spraying apparatus, the use of steam to 
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destroy surface contaminating microorganisms, radiation from sources such as ultraviolet light 
and microwaves. Chemical decontamination strategies for poultry include the use of chlorines, 
polyphosphates, organic acids, ozone, nisin, and lactoferrin (James 2002). The use of more than 
one of these chemical or physical decontamination treatments can be more effective than any 
alone and is known as hurdle technology. The concept of multiple hurdle or multiple  
intervention technologies has been studied using various combinations of chemicals and physical 
decontamination methods. Ellebracht and others (1999) found that treatment of beef trimmings 
with 2% lactic acid and 95 °C reduced E. coli O157:H7 and Salmonella Typhimurium 
populations when compared to control and hot water alone. Ozone, chlorines, and 
polyphosphates together have been investigated for their combined antimicrobial effect   
(Pohlman and others 2002). In light of the success seen with combined physical and chemical 
intervention strategies, new combination methods for ensuring the safety of meat and poultry are 
worth investigating. 
Irradiation of poultry meat 
History 
In 1896, H. Minsch of Germany proposed the use of ionizing radiation to destroy food 
spoilage microorganisms (Molins 2001). In 1905 scientists received the first patents for the use 
of ionizing radiation to kill bacteria. In 1953 the National Food Irradiation Program was formed 
to provide for irradiation research. In 1963, irradiation was approved by the FDA to control 
insects in wheat and wheat flour. In 1964 the FDA approved irradiation to inhibit sprouting in 
potatoes. In 1976 the wholesomeness of irradiated pork, ham, and poultry was studied by 
commercial companies under contract with the U.S. Army. In 1985 irradiation was approved for 
the destruction of Trichinella spiralis in pork. In 1992, the USDA/FSIS approved the irradiation 
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of poultry (Molins 2001). In 1997, FDA regulations were amended to include the use of ionizing 
radiation on uncooked meat products to control food borne pathogens and extend shelf life   
(Diehl 2002). 
Mechanism of microbial inactivation by ionizing irradiation 
 
Ionizing radiation sources used in the food industry include high-energy electromagnetic 
radiation (gamma rays or X rays) and electrons generated from an electron accelerator. The two 
sources of gamma ray radiation are the radioactive isotopes cobalt 60 and cesium 137. These 
types of radiation are not capable of inducing radioactivity, but are capable of inducing the 
formation of ions and free radicals by removing electrons from atoms. The destruction of 
bacterial pathogens by these radiation sources involves ‘direct hits’; the breaking of microbial 
DNA caused by its collision with freed electrons, and ‘indirect hits’ whereby the nucleic acids  
are damaged when interacting with neighboring molecules that have been ionized by the  
radiation and cellular membrane, as well as other cell structures, damage caused by the radiolytic 
generation of free radicals (Montville and Matthews 2005). This DNA and cellular damage 
results in the inability of microorganisms to multiply and maintain cellular metabolic functions. 
Applications of irradiation in poultry industry 
Poultry is often associated with such food borne pathogens as Salmonella spp. and 
Campylobacter jejuni, which often reside in poultry intestinal tracts. Measures are in place with 
processing facilities to reduce the occurrence of contamination with these pathogens, including 
plant sanitation using chlorination, surface sterilization of equipment with high-heat applications, 
rinsing birds after primary processing in chilled water baths to reduce the number of adhering 
microbes to the poultry surface, and spray applications, with inhibitory compounds such as lactic 
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acid, onto carcasses. In 1990 the FDA approved the use of irradiation for poultry, at a maximum 
of 3.0 kGy, to control Salmonella (FSIS 1999). 
Quality defects of irradiated meats 
 
Although irradiation is an excellent measure to ensure the safety and shelf life stability of 
poultry meat, it is also responsible for chemical changes in meat products that lead to off-flavors 
and odors (Ahn and others 1998a, Jo and Ahn 2000, Du and Ahn 2002), decreased tenderness 
(Yoon 2003), and the formation of a pink color that persists after cooking (Nam and Ahn 2002a, 
2002b, Nam and others 2001a, 2001b). It has been reported that irradiation of raw chicken  
breast and thigh produces an odor characterized as ‘bloody and sweet’, which remains in the 
thigh after cooking but not in the breast (Hashim and others 1995). Both off-flavor and odor 
generation and persistent pink coloring have a negative effect on consumer willingness to 
purchase irradiated poultry products. 
Lipid oxidation 
 
Lipid oxidation is the reaction of lipid radicals with atmospheric oxygen, which forms 
products that confer unpleasant flavors and odors to poultry meat upon extended storage. This 
interaction proceeds following the free radical mechanism. The three main phases of the free 
radical mechanism of lipid oxidation are initiation, propagation, and termination (Fennema 
1996). 
The first phase of lipid autooxidation is initiation. This occurs when hydrogen is 
abstracted from an unsaturated fatty acid, forming a lipid free radical. This lipid free radical can 
then interact with oxygen to form a lipid peroxyl radical. 
Initiation: In· + RH → InH + R· 
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The second phase of lipid autooxidation is propagation. During the propagation phase, 
the lipid peroxyl radical abstracts hydrogen from another fatty acid, forming a lipid 
hydroperoxide and another lipid peroxyl radical. The lipid hydroperoxides formed can form 
alkoxy (RO∙) and hydroxyl (OH∙) radicals. 
Propagation: R· + O2 → ROO· 
 
ROO· + RH → R· + ROOH 
 
The third phase is termination. During this phase, the radical is stabilized through 
radical-radical coupling. The result is the formation of stable end products. This phase exists 
when there is a reduced number of unsaturated fatty acids (Erickson 2002). 
Termination:  2RO2· → O2 + RO2R 
 
RO2· + R· → RO2R 
 
Mechanism of irradiation induced acceleration of lipid oxidation 
 
The energy of ionizing radiation is partially lost as the freed electrons penetrate food 
matter. This energy is absorbed by the food and results in the excitation of atoms and molecules 
of the matter (Molins 2001). These excited atoms and molecules can oxidize lipid molecules. 
An important source of excited molecules in food products is water. When water in food matter 
is subjected to ionizing radiation, several highly reactive entities can be formed such as the 
hydroxyl radical, aqueous hydrated electron, single hydrogen atoms, molecular hydrogen, 
hygrogen peroxide, and solvated proton, all of which are the result of radiolysis of pure water. 
 
 
H2O→∙OH + e‾aq + ∙H + H2 + H2O2 + H3O+ 
 
Where: ∙OH = hydroxyl radical 
 
e‾aq = aqueous hydrated electron 
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∙H = hydrogen atom 
 
H2 = molecular hydrogen 
H2O2 = hydrogen peroxide 
H3O+ = hydrated proton 
 
 
In the presence of oxygen, radical oxygen species can also be created by interaction with 
radiolytic water products. The hydroperoxyl radical (∙HO2) can be formed through the reduction 
of oxygen by hydrogen atoms and exists in equilibrium with the superoxide radical (∙O‾2) 
(Molins 2001, Thakur and Singh 1994). The rate of lipid autoxidation of irradiated poultry meat 
is increased due to the formation of these radiolytic water products and active oxygen species. 
The generation of peroxyl radicals can be reduced by the use of anaerobic conditions for 
irradiation (Van Laack 1994), but due to safety concerns from the anaerobic growth of 
Clostridium botulinum irradiation of foods is only allowed in oxygen-permeable packaging 
systems (U.S. Food and Drug Administration/FSIS 2002SIS 2002) 
Lipid autoxidation can be retarded by the use of natural or synthetic antioxidants. 
 
Antioxidants are substances that can slow the rate of oxidation. Substances can act as 
antioxidants in a number of ways. They can act as free radical scavengers, as hydroperoxide 
stabilizers, as singlet oxygen quenchers or as pro-oxidant metal chelators (Pokorný and others 
2001, Jones 1997). The synthetic antioxidants most widely used are phenolic compounds such 
as butylated hydroxyanisol (BHA), butylated hydroxytoluene (BHT), and tertiary 
butylhydroquinone (TBHQ), and propyl gallate (PG) (Pokorný and others 2001).  Synthetic 
antioxidants are limited in the amounts that can be used to 100 to 200 ppm for BHT, BHA, and 
TBHQ, and 200 to 500 ppm for PG. Natural antioxidants include many preservation techniques 
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that have been used for many years such as smoking and spicing in home-preservation processes 
(Pokorný and others 2001). Natural antioxidants are considered to be those compounds with 
antioxidant activity that ‘occur in and can be extracted from plant or animal tissues’ (Simic 
1981). The majority of the natural antioxidants are phenolic compounds including tocopherols, 
flavanoids and phenolic acids (Pokorný and others 2001). 
Methods for determining extent of oxidation and off-odor generation in irradiated poultry 
meat 
Many of the secondary products of polyunsaturated fatty acids from lipids are volatile  
and can be measured in the headspace above a food sample. Several methods characterize and 
quantify lipid oxidation volatiles have been used including: GC (Rababah and others 2006) and 
GC-MS (Frankel and others 1981, Snyder and others 1988). Within GC-MS methods, different 
methods of headspace sampling have been used. Static headspace sampling involves the  
removal of a small volume of the headspace above a sample and direct injection into the GC port 
for analysis. This method is inadequate for some compounds because they may exist in such 
small amounts that they are difficult to distinguish from background noise. Other methods 
designed to increase the detection limit of low concentration volatiles are dynamic headspace 
sampling (also known as purge and trap) and solid phase microextraction (SPME) sampling. 
Dynamic headspace sampling method involves the purging of the headspace above a sample into 
a cold trap where the volatiles are condensed and their concentration increased before being 
volatized and sent into the GC column. The principle of SPME sampling involves the focusing 
of headspace volatiles by adsorbing them onto a fiber over an extended incubation time and 
subsequent desorption of the volatiles into the injection port of the GC-MS. 
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Texture of irradiated chicken breast meat 
 
Texture is an important quality characteristic determining acceptability of chicken for 
consumers. Irradiation at approximately 2.5 kGy was found to significantly increase shear force 
and drip loss compared to non-irradiated samples. Also, transmission election microscopy 
showed that the chicken breast myofibrils units (sarcomeres) were found to have shrunk in the 
irradiated samples (Yoon 2003). 
Pink color formation 
 
Irradiation of poultry and pork results in the appearance of a pink color that persists after 
cooking (Millar and others 1995, Nanke and others 1998b). Red color formation has also been 
observed in irradiated cooked chicken meat (Hanson and others 1963).  The pink color defect is 
most noticeable in poultry and pork meats because of their pale nature (Heaton and others 2000). 
This color change presents a major problem to meat producers who would use irradiation as a 
means of ensuring meat safety because even though the color change is purely cosmetic, 
consumers perceive the pink color defect to be a signal that the meat is not properly cooked. The 
degree of pink color intensity has been found to be dependent upon irradiation dose, muscle type, 
species, and type of packaging (Nam and Ahn 2002a, 2002b, Millar and others 1995, Satterlee 
and others 1971, Shahidi and others 1991, Nanke and others 1998a, Jo and others 2000, Liu and 
others 2003). Millar and others (1995) proposed that the pink color defect was due to the 
formation of a ferrous myoglobin derivative such as carboxy-myoglobin or nitric oxide- 
myoglobin. Nanke and others (1998a) proffered that the color change seen after irradiation of 
meat could be an oxymyoglobin-like pigment. Ahn and Maurer (1990) reported that the 6th    
ligand of the irradiation-denatured heme-protein can be occupied by many different molecules 
and could increase the pink color in cooked turkey meat. Studies by Livingston and Brown 
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(1981) of the chemistry of myoglobin and its reaction with ligands has shown that the small cleft 
in the protein structure where the 6th ligand attaches limits the size of the ligand molecule, 
supporting the idea that only small molecules such as N, CO, and NO can bind to the iron center 
in the myoglobin. It was determined that irradiation could decrease the oxygen reduction 
potential (ORP) and produce CO as a major radiolytic gas (which increased proportionally with 
irradiation dose strength) which could then occupy the sixth ligand of the denatured heme- 
pigment (Nam and Ahn 2002a, 2002b). The production of CO during irradiation was determined 
to be due to the presence of hydroxyl radicals generated by ionizing radiation on the aqueous 
emulsion system of the meat (Lee and Ahn 2004). Lee and Ahn (2004) postulated that the 
cleavage of fatty acid double bonds through lipid oxidation initiated by the irradiation-generated 
hydroxyl radical and potential scission at the acyl-oxygen bond of some of the oxidation  
products, resulted in the formation of aldehydes, alcohol and CO, and that scission of the alkyl- 
oxygen bond produced free fatty acids, CO2, the Cn-1 alkane, and short chain hydrocarbons 
(Josephson and Peterson 1983). The increase in CO production due to hydroxyl radical 
production through radiolysis of water and its subsequent role in the increase in pink color of 
irradiated poultry and pork, can be evaluated by the use of antioxidants to lessen the degree of 
lipid oxidation and the formation of lipid oxidation products and their breakdown products. 
Oleoresin-tocopherols were added to pork patty formulations to retard lipid oxidation and allow 
the assessment of decreased lipid oxidation on the degree of pink color formation. It was 
determined that treatment with rosemary and α-tocopherol combination at 0.05% and 0.02% of 
meat weight, respectively, effectively reduced lipid oxidation but did not significantly affect the 
color (Nam and others 2007). The addition of ascorbic acid to ground beef before irradiation at 
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2.5 kGy significantly lowered the oxidation-reduction potential helping keep the heme pigments 
in reduced for and stabilizing the color of the meat (Nam and Ahn 2003) 
Water-Holding Capacity (WHC) and tenderness 
 
Water-holding capacity of muscle foods is very important because it is directly related to 
juiciness and tenderness and therefore important for consumer acceptability. Tenderness has 
been determined to be the most important factor in determining the satisfaction of consumers 
with meat products (Lyon and Lyon 1990). From a processing standpoint increased WHC 
results in increased yield. 
Many methods have been used to determine WHC including: centrifugation and gravity. 
The centrifugation method was first reported in 1972 (Dagbjartsson and Solberg 1972), whereby 
meats were subjected to high-speed centrifugation forces. Young and Lyon (1986) also used a 
centrifugation method to determine WHC. The effect of the addition of antioxidants and 
acidulants and antimicrobials to poultry and subsequent irradiation on water-holding capacity has 
not been assessed in the literature and needs further investigation. 
Consumer acceptance 
 
In general there is reluctance on the part of consumers to advocate or purchase irradiated 
food products. This is due, in large part, to the unfortunate inclusion in the word of the term 
‘radiation’, which creates a connection between the food processing and the nuclear energy 
industry (Kampelmacher 1983). The ERS/USDA reported that in polls, the number of 
consumers willing to buy irradiated foods declined in the mid 1990’s, coinciding with an 
increase in media stories about irradiated foods. A 1993 Gallup Organization survey found that 
60% of consumers were concerned that irradiated foods might be radioactive or capable of 
causing cancer or birth defects (American Meat Institute Foundation 1993). Since most 
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consumers have not had access to buy irradiated meats and poultry, consumer acceptance of 
these products has not been tested. The decision by the poultry industry not to use irradiation is 
probably due in part to the detrimental effects on product quality mentioned previously, the 
reluctance of consumers to purchase irradiated foods, and to a large extent the capital costs of 
installation. 
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Abstract 
 
Foodborne illness due to consumption of products contaminated with Salmonella 
Typhimurium (S.T.), Listeria monocytogenes (L.m.), and Escherichia coli O157:H7 (E.c.) result 
in many deaths and significant economic losses each year. In this study citric (CA), malic (MA), 
and tartaric (TA) acids and grape seed (GS), green tea (GT), bitter melon seed (BMS), rasam and 
fenugreek (FG) extracts were investigated as inhibitors against S.T., L.m., and E.c. in broth- 
culture model system. Brain Heart Infusion solutions containing 18.7, 37.5, and 75.0 mM 
organic acids and 5, 10, 20, and 40 mg/mL extracts were challenged with approximately log 6 
CFU/mL S.T., L.m., and E.c. A pH-adjusted control was included to determine pH effect on 
exhibited antibacterial activity. GT and GS showed considerable activity in broth-culture. All 
organic acids were effective in broth-culture at 75 mM after 24 h (p< 0.05). CA and TA were 
effective at 37.5 mM. These findings demonstrate the effectiveness of organic acids and plant 
extracts in the control of S.T., L.m., and E.c. O157:H7. 
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Introduction 
 
Each year, food borne pathogens are responsible for illness, deaths and significant 
economic losses. Improving strategies for decontaminating food products and providing 
protection from future contamination is important to ensure the safety of food products and  
reduce economic loss. The use of multiple intervention strategies may provide a more effective 
means of controlling or preventing food contamination than any single intervention strategy used 
alone. Modern consumers prefer natural versus synthetic additives to their foods (Devcich, 
Pedersen and Petrie 2007). Organic acids and plant extracts are natural compounds that may find 
application within the food industry as alternatives to conventional antimicrobials. 
Organic acids have been utilized in many treatment strategies for the decontamination or 
prevention of contamination of food products. They have been studied as immobilized 
components of soy, whey, and wheat protein edible films for use with produce (Eswaranandam, 
Hettiarachchy and Johnson 2004, Eswaranandam, Hettiarachchy and Meullenet 2006), Siragusa 
and Dickson (1992) investigated their use in calcium-alginate gels against surface inoculated 
Listeria monocytogenes on beef tissues (Siragusa and Dickson 1992), and they have also been 
used in conjunction with pulsed field pasteurization (Liu and Chism 1997). More traditional 
applications include; as components of antimicrobial dips (Anang and others 2007), spray wash 
rinses (Berry and Cutter 2000, Dubal and others 2004), and as additives to comminuted meat 
recipes (Maca, Miller and Acuff 1997, Mbandi and Shelef 2002, Juneja and Thippareddi 2004). 
Citric acid has long been used indirectly as a component of meat marinations and non-thermal 
‘chemical cooking’ methods such as that used for ceviche. 
Many plant extracts have been investigated for their ability to destroy or inhibit the 
growth of food borne pathogens and spoilage microorganisms. The majority of compounds from 
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plants investigated for antimicrobial activity are aromatic substances such as phenols and their 
oxygen-substituted derivatives (Geissman 1962). Grape seed and green tea are a rich source of 
polyphenolic substances including catechin, epicatechin, epicatechin gallate, epigallocatechin 
gallate and various proanthocyanidins. Tannins are water-soluble polyphenolic compounds. The 
term tannin refers to a rather large group of polymerized phenolic substances capable of tanning 
leather and known for their astringency. Tannins can be further divided into two categories; 
hydrolysable and condensed tannins. Tannins are secondary metabolites and can be found in 
many fruits and vegetables. Together with other phenolic compounds, they have many activities 
within plants such as protection against predation and UV light, as pollinator attractors. Tannic 
acid, propyl gallate were shown to inhibit several food borne pathogens including Escherichia 
coli O157:H7 and Listeria monocytogenes (Chung and others 1993). 
Although the antimicrobial effectiveness of organic acids has been assessed in a range of 
applications, work is needed to determine the efficacy of the inclusion of plant extracts with 
organic acids and the possible synergistic interaction. This study was proposed to study BMS, 
FG, GS, GT, and rasam extracts and select organic acids for potential antibacterial activity in 
broth culture against Escherichia coli O157:H7, Listeria monocytogenes and Salmonella 
Typhimurium. And further, to investigate the synergistic inhibitory interaction of the best 
performing plant extracts with the two best performing organic acids against the same three 
pathogens. 
Materials and methods: 
Materials and Supplies 
Food-grade L-malic acid was purchased from Alfa Aesar (Ward Hill, MA, USA), L- 
tartaric acid from PMP Fermentation Products (Itasca, IL, USA), citric acid from Roche 
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Vitamins Inc. (Parsippany, NJ, USA). FG extract was prepared from fenugreek seeds obtained 
from Dr. Hettiarachchy (University of Arkansas, 2650 N. Young Ave, Fayetteville, AR 72701), 
BMS extracts (60% aqueous ethanol and hot water extractions) were prepared from seeds 
obtained from bitter melons grown in our garden plot, and rasam hot-water extract was prepared 
from rasam soup mixture obtained from Dr. Hettiarachchy. Green tea extract was procured from 
Jarrow Formulas, (Los Angeles, CA, USA), grape seed extract was purchased from Meganatural 
Inc. (Madera, CA, USA), Brain Heart Infusion (BHI) were purchased from EMD Chemicals Inc. 
(Gibbstown, NJ, USA).  Escherichia coli O157:H7 ATCC 43895, Listeria monocytogenes V7 
serotype (1/2a), and Salmonella Typhimurium were obtained from Dr. Johnson, Center for Food 
Safety research laboratory, University of Arkansas. XLT4 Salmonella selective agar were 
purchased from Difco a division of Becton, Dickinson and company (Sparks, MD, USA), Oxford 
Listeria selective agar were purchased from EMD Chemicals Inc. (Gibbstown, NJ, USA), and 
MacConkey-Sorbitol agar were purchased from Difco a division of Becton, Dickinson and 
company (Sparks, MD, USA). 
Methods 
 
Procedure for extract preparation from FG, BMS, and Rasam 
 
Fenugreek and bitter melon seeds were ground in a Kika-Werke M20 grinder 
(Gromargan, Germany) and passed through a 60-mesh screen sieve to obtain particles of uniform 
size. The extraction was accomplished using the following method optimized in our lab. The 
following conditions and solvent ratios were chosen because they have been found by others in 
our lab to result in the most efficient extraction of phenolics compounds. The seed flours were 
initially defatted with hexane to increase efficiency of phenolics extraction. The defatted flours 
were then extracted with a 60% aqueous ethanol solution at a ratio of 1:3 at 80 °C for 30 min 
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with stirring. Hot water extractions of BMS and rasam were also prepared with procedure as 
follows. Hot water was combined with BMS (1:3) and rasam and heated to 100 °C with stirring 
for 30 min. The resulting extract solutions were vacuum filtered through Whatman #4 filter 
paper. The filtrate was concentrated in a rotovapor (Buchi 011, Buchi, Switzerland) at 
approximately 70 °C and the ethanol fraction recovered. The filtrate was left to dry in a fume 
hood overnight to remove any lingering traces of ethanol. The extract solutions were frozen to 
20 °C and freeze-dried at <13 Pa in a freeze dryer (Virtis Freeze-Dryer SQ25LE, the Virtis 
Company, Gardiner, NY). Extracts were bottled and stored until used in a 4 °C cooler. 
Escherichia coli O157:H7, Listeria monocytogenes and Salmonella Typhimurium culture 
preparation 
All 3 bacterial species, Escherichia coli O157:H7 (E.c.) Listeria monocytogenes (L.m.), 
and Salmonella Typhimurium (S.T.), were stored at –70 °C. Frozen bacteria were activated by 
inoculating BHI with a loop full of the organism. Bacteria were inoculated onto nutrient agar 
slants, incubated for 48 h at 37 °C, and stored at 4 °C until used. Ten milliliters of BHI was 
inoculated with a loop full of each bacterial species and placed in an incubator at 37 °C for 24 h 
with 200-rpm agitation using a controlled environment incubator shaker (New Brunswick 
Scientific Co. Inc. New Brunswick, NJ, USA). After 24 h, 10 mL of fresh BHI was inoculated 
with 10 μL of this culture, vortexed, and incubated at 37 °C for 18 h; to ensure the bacterial 
culture was in the exponential growth phase, with 200-rpm agitation. For the broth-culture  
study, 10 mL of fresh BHI were inoculated with 20 μL of the 18 h-incubated culture to obtain a 
concentration of approximately 2 x 106 CFU/mL. This concentration was chosen to give a final 
concentration of 106 CFU/mL which is a high enough concentration to show a noticeable decline 
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in the case of inhibitory action, but low enough to increase noticeably in the absence of 
inhibitory activity. 
Plant extract and organic acid broth culture preparation 
 
Fenugreek (FG), Bitter melon seeds aqueous ethanol and hot water (BMSet and BMShw, 
respectively) and rasam extracts were solubilized in BHI at 10 and 80 mg/mL. The 
concentrations were chosen to give a final concentration of 5 and 40 mg/mL, respectively. The 
lower limit of this concentration range was chosen based on previous studies in our lab, and 
represents the lowest concentration that might be expected to exhibit inhibitory activity. The 
upper limit of this concentration range represents the concentration, which is believed to be 
effective, and a higher concentration would be overkill. One half of a milliliter of the extract 
solutions were combined with 0.5 mL of the bacterial culture for a final extract concentration of  
5 and 40 mg/mL and a final bacteria concentration of approximately log 6 CFU/mL. Control 
samples were included in the experiment design consisting of 1 ml BHI containing  
approximately log 6 CFU/mL. In this initial trial, the plant extracts/bacteria were cultured for 24 
h with 200-rpm agitation using a controlled environment incubator shaker (New Brunswick 
Scientific Co. Inc. New Brunswick, NJ, USA). Each treatment was spread-plated onto nutrient 
agar at time zero and after 24 h to determine the effect of the extracts on the bacterial population. 
Those extracts exhibiting inhibitory activity at the higher concentration were further investigated 
at 5, 10, 20, and 40 mg/mL to determine minimal concentration with antimicrobial activity. 
Citric, malic, and tartaric acids in BHI 
 
Citric, malic, and tartaric acids (CA, MA, and TA) were solubilized in BHI to obtain 
concentrations of 37.5, 75.0, and 150.0 mM and 0.5 mL of this solution was combined with 0.5 
mL of the bacterial cultures for a final concentration of 18.75, 37.5, and 75.0 mM organic acid 
46  
and approximately log 6 CFU/mL bacteria. These organic acid concentrations were chosen 
based on unpublished preliminary findings of effective inhibition by MA from our lab. The 
controls for this organic acid/ broth-culture experiment included BHI, with the pH adjusted to 
match that of the treatment with the lowest pH (pH 3.3) to eliminate the possibility of pH effects 
on any exhibited microbial inhibition, and BHI without pH adjustments containing an initial 
concentration of approximately log 6 CFU/mL bacterial cultures. The organic acid/bacteria 
cultures and controls were then incubated at 37 °C for 24 h with 200-rpm agitation. After every 
6 h of incubation in agitating incubator, the samples were plated in duplicate onto nutrient agar 
plates and incubated at 37 °C for 48 h. The plates were then counted manually and the results 
reported as CFU/mL. This experiment was replicated twice for a total of three observations to 
estimate the variation in the method. 
Green tea and grape seed extracts in combination with tartaric acid in BHI 
 
Upon review of the results of the organic acid broth culture experiment, one of the best 
performing organic acid was chosen to investigate possible interactions with GS and GT extracts. 
TA at 18.75 and 37.5 mM and green tea and grape seed extracts at 5, 10, 20 and 40 mg/mL were 
combined in a 2 x 4 factorial arrangement and challenged with all three pathogens. 
The organic acid and extract/bacteria cultures and controls were incubated at 37 °C for 24 
h with 200-rpm agitation with samples taken every 6 h for bacterial enumeration. Following 
incubation, the samples were plated in duplicate onto nutrient agar plates and incubated at 37 °C 
for 48 h, at which time the plates were counted. The experiments were replicated twice for a  
total of three repetitions to estimate the variation in the methods. 
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Effect of pH on antimicrobial activity of GS and GT 
 
Due to possible differences in effectiveness of plant extracts due to pH differences of the 
organic acid treatments, the most effective extracts were assessed over the range of pH values 
found in the organic acid treatment solutions. The pH of BHI solutions was altered using 0.1 M 
HCL. The extracts were tested for inhibitory activity against E. coli and L. monocytogenes at pH 
4, 5, 6, and 7. The experimental treatments were incubated as described earlier, at 37 °C, 200- 
rpm. These treatment combinations were assessed at time 0, and after 24 hours. 
Statistical analysis 
 
The experiment design was randomized complete block with a factorial treatment 
structure. Evaluations made over time were treated as repeated measures. The results were 
analyzed as a split-plot design by mixed procedure using SAS statistical analysis software (SAS 
4.2, SAS Institute Inc., Cary, NC, USA). 
Results and discussion 
 
Grape seed, green tea, fenugreek, bitter melon seed, and rasam extracts in BHI 
 
The results of various extracts alone tested in this study are summarized in Table 1. 
 
Significant differences between extracts and control treatments were determined by LSD. No 
significant differences from the control were found among FG, BMSet, BMShw at both 5 and 40 
mg/mL or rasam at 5 mg/mL against all three pathogens. At 40 mg/mL only GS, GT, and rasam 
exhibited inhibitory activity, with GS and GT reducing counts of E.c., L.m., and S.T. to the limit 
of detection (10 CFU/g). Rasam at 40 mg/mL significantly reduced S.T. and L.m. levels by 
approximately 2 and 0.5 log CFU/mL, respectively, when compared to the control of BHI alone. 
In this formulation, tamarind, the ripened fruit of the tamarind tree is a major constituent of  
rasam and most likely was the source of the inhibitory effect exerted by the extract. This effect 
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was suspected to be most likely due to the tartaric acid found in tamarind. To test this theory, 
rasam soup extract was prepared both with and without tamarind. After 24 h in broth culture 
(Table 2), rasam extract with tamarind exhibited inhibition of both S. T. and L. m. with bacterial 
counts significantly lower than the levels reached in the control tubes (9.2 and 8.2 log CFU/mL, 
respectively). Rasam extract without tamarind exhibited no inhibition against S. T. when 
compared to the control (9.2 log CFU//mL), but significantly reduced L.m. levels by 
approximately 0.8 log CFU/mL when compared to the control (8.2 log CFU/mL). The results 
clearly indicate that the tamarind component of the rasam soup mix was primarily responsible for 
the antibacterial activity of the rasam extract, although, at higher concentrations some significant 
antilisterial activity was observed. Grape seed and greet tea were much more effective than any 
other plant extract tested and were, therefore, chosen for further testing in combination with the 
best performing organic acid (tartaric). 
Effect of malic, citric and tartaric acids in BHI 
 
Figures 1a, b, and c & 2 a, b, and c illustrate the effects of CA, MA, and TA at 37.5 and 
 
75.0 mM, respectively, on S.T., L.m., and E.c. O157:H7 over 24 h. Significance between organic 
acid and control treatments was determined by LSD. CA and TA at 37.5 mM exhibited 
significantly greater bacterial reduction from the pH-adjusted control after 12, 6, and 18 hours 
when challenged with S.T., L.m., and E.c., respectively, and all three organic acids were 
significantly different from the ‘as is’ control after 6 hours incubation (p<0.05). After 24 hours 
incubation, TA and CA at 37.5 mM reduced the bacterial count of S.T., L.m., and E.c. by ~2,  
3.75, and 2 log CFU/mL, respectively. 
The effect of CA, MA, and TA at 75 mM concentrations is represented in Figures 2a, b, 
and c. CA, MA, and TA at 75 mM exhibited antimicrobial activity against all three pathogens 
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tested in comparison with both the pH-adjusted and unadjusted controls after 6 hours incubation 
(p<0.05). Malic acid and TA at 75 mM reduced the bacterial counts of all three pathogens by 4 
log CFU/mL within 12 h after inoculation. Citric acid reduced the bacterial counts by 4 log 
CFU/mL for L.m. and E.c., and 3.5 log CFU/mL for S.T. after 12 hours of incubation. The 
effects of CA, MA, and TA at 75 mM were significantly different from both the pH-adjusted and 
unadjusted controls after 6 hours incubation (p<0.05). 
The mechanism of inhibitory activity of organic acids is related to their entry into 
bacterial cells in an un-dissociated form. Once inside the cell, the hydrogen of the carboxyl 
functional group(s) dissociates due to the near-neutral pH of the cell cytoplasm. This in turn 
increases the pH level of the cytoplasm disrupting the proton motive force (Jay and others 2005). 
Green tea and grape seed extracts in combination with tartaric acid in BHI 
The results of GS and GT on S.T, L.m., and E.c.O157:H7 after 24 h broth culture are 
summarized in Tables 3 and 4, respectively. In Table 3, it can be seen that, overall, the highest 
concentration of TA (37.5 mM) provided more effective inhibition across all GS extract 
concentrations with the exception of lower TA concentrations in conjunction with 40 mg/mL GS. 
Grape seed extract at 20 mg/mL reduced pathogen levels significantly more when combined with 
and without TA compared to the control and to lower concentrations of GS. 
The results of GT at various concentrations both with and without TA can be seen in 
Table 4. The most effective combinations of GT and TA were GT at 40 mg/mL without TA and 
combined with 18.75 and 37.50 mM TA. GT was overall more effective at concentrations above 
5 mg/mL without TA than when combined with TA. 
After 18 h incubation a clear separation in effectiveness could be seen between extract 
concentrations of 0, 5, and 10 mg/mL in combination with TA concentrations of no TA and 
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18.75 mM and all other combinations with one exception; GT at 10 mg/mL with no TA reduced 
E.c., L.m. and S.T. by 2.5, ~3, and ~3 log CFU/mL, respectively (data not shown).  Observations 
at 24 h (Tables 3 & 4) further confirmed the apparent trend seen at 18 h that as extract 
concentration for both GS and GT increased, microbial inhibition also increased and also, except 
in the case of S.T., as TA concentration increased, microbial inhibition increased. 
Interestingly, the effectiveness of the GT and GS over time was less effective when 
combined with TA at 18.75 mM than with no TA and TA at 37. There is some discrepancy 
within the literature as to the effect of pH on the effectiveness of phenolic compounds on 
antibacterial efficacy. Friedman and Jürgens (2000) reported nonreversible structural changes, 
using UV spectral analysis, in monoring phenolic structures such as caffeic and gallic acids, as 
well as the caffeic acid ester chlorogenic acid at pH levels greater than 7. These structural 
changes were attributed to the formation of quinones by the phenol OH groups of the three acids. 
In their work, Friedman and Jürgens (2000) also found that complex phenolic compounds such  
as epichatechin, epigallocatechin and rutin were less susceptible to pH-induced degradation. 
This resistance was thought to be due to the fact that the OH groups of the first benzene ring of 
these structures is in the meta position and is unable to form quinines. Rhodes and others (2006) 
found that the antilisterial activity of grape juice was pH dependent with a dramatic decrease in 
antilisterial activity at pH 7. Conversely, Hirasawa and Takada (Hirasawa and Takada 2004) 
reported a significant decrease in minimum fungicidal concentration of epigallocatechin-gallate 
against C. albicans as pH was changed from 7.0 to 6.5. Canillac and Mourey (2004) reported 
that epigallocatechin-gallate, when challenged with Helicobacte pylori, was bacteriocidal at pH 
7.0 but exhibited a much weaker effect at pH 4.0 and 5.0. The pH of BHI containing 0, 18.75, 
and 37.5 mM TA were determined to be 4.0, 5.1, and 7.4. In light of these conflicting 
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conclusions of the effect of pH on polyphenolic effectiveness as antimicrobials, it was 
determined that GS and GT extracts should be tested in BHI over a range of pH values to 
determine how changes in pH would affect the effectiveness of the extracts. 
Effect of pH on antimicrobial activity of GS and GT 
 
In an effort to determine the effect of pH on effectiveness of both GS and GT, both were 
tested against E.c. O157:H7 and L.m. at 10 mg/ml over the range of pH values seen with the 
various TA levels from the preceding experiment. The results of the test after 24 hours 
incubation at 37 °C are summarized in Table 5. No interaction was observed between pH level 
and extract antibacterial activity. Bacterial inhibition was lowest over both extracts and the 
control at pH 4. No differences of antibacterial effectiveness were observed within each extract 
and the control at pH 5, 6, and 7. Although pH level has an effect on bacterial survival it did not 
affect the antibacterial effectiveness of GS and GT. 
Conclusions 
Fenugreek and bittermelon seed extracts lack inhibitory activity against S.T,, L.m., and 
 
E.c. O157:H7. Tamarind Rasam extract was inhibitory against all three pathogens and is most 
likely due to the presence of TA from the tamarind component. 
Citric acid and TA were mildly affective as bacterial inhibitors in broth culture at 37.5 
mM against all three pathogens. CA, MA, and TA exhibited strong antibacterial activity at 75.0 
mM against all three pathogens. CA, MA, and TA were also strongly effective against the same 
three pathogens in the chicken breast meat system at 150.0 mM infusion concentration. MA and 
TA exerted minimal antibacterial effect in the chicken meat model system at 75.0 mM 
concentrations. 
Green tea and GS both exhibited strong antibacterial activity against S.T., L.m., and E.c. 
 
O157:H7 in broth culture with TA at 37.5 mM and without TA. The effectiveness of both GT 
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and GS against all three pathogens was diminished when combined with TA at 18.5 mM in broth 
culture. Investigation into the inhibitory activity of GS and GT across a range of pH values 
provided no evidence of pH effect on GS or GT effectiveness. 
53  
References 
 
Anang DM, Rusul G, Bakar J, Ling FH. 2007. Effects of lactic acid and lauricidin on the survival 
of Listeria monocytogenes, Salmonella enteritidis and Escherichia coli O157: H7 in chicken 
breast stored at 4° C. Food Control 18(8):961-9. 
 
Berry ED, Cutter CN. 2000. Effects of acid adaptation of Escherichia coli O157: H7 on efficacy 
of acetic acid spray washes to decontaminate beef carcass tissue. Appl Environ Microbiol 
66(4):1493-8. 
 
Canillac N, Mourey A. 2004. Effects of several environmental factors on the anti-Listeria 
monocytogenes activity of an essential oil of Picea excelsa. Int J Food Microbiol 92(1):95-103. 
 
Chung KT, Jr SES, Lin WF, Wei CI. 1993. Growth inhibition of selected food-borne bacteria by 
tannic acid, propyl gallate and related compounds. Lett Appl Microbiol 17(1):29-32. 
 
Devcich DA, Pedersen IK, Petrie KJ. 2007. You eat what you are: Modern health worries and the 
acceptance of natural and synthetic additives in functional foods. Appetite 48(3):333-7. 
 
Dubal ZB, Paturkar AM, Waskar VS, Zende RJ, Latha C, Rawool DB, Kadam MM. 2004. Effect 
of food grade organic acids on inoculated S. aureus, L. monocytogenes, E. coli and S. 
Typhimurium in sheep/goat meat stored at refrigeration temperature. Meat Sci 66(4):817-21. 
 
Eswaranandam S, Hettiarachchy NS, Johnson MG. 2004a. Antimicrobial activity of citric, lactic, 
malic, or tartaric acids and nisin-incorporated soy protein film against Listeria monocytogenes, 
Escherichia coli O157: H7, and Salmonella Gaminara. J Food Sci 69(3):FMS79-84. 
 
Eswaranandam S, Hettiarachchy NS, Johnson MG. 2004b. Effects of citric, lactic, malic, and 
tartaric acids on antimicrobial activity of nisin-incorporated soy protein film against Listeria 
monocytogenes, Escheriachia coli O157: H7, and Salmonella Gaminara. J Food Sci 69(3):M79- 
84. 
Eswaranandam S, Hettiarachchy NS, Meullenet JF. 2006. Effect of malic and lactic acid 
incorporated soy protein coatings on the sensory attributes of whole apple and fresh-cut 
cantaloupe. J Food Sci 71(3):307-13. 
 
Friedman M, Jurgens HS. 2000. Effect of pH on the stability of plant phenolic compounds. J 
Agric Food Chem 48(6):2101-10. 
 
Geissman TA. 1962. Flavonoid compounds, tannins, lignins and related compounds. Compr 
Biochem 213. 
 
Hirasawa M, Takada K. 2004. Multiple effects of green tea catechin on the antifungal activity of 
antimycotics against Candida albicans. J Antimicrob Chemother 53(2):225-9. 
 
Jay JM, Loessner MJ, Golden DA. 2005. Modern Food Microbiology. seventh ed. New York, 
NY: Springer Science + Business Media, Inc. 790 p. 
54  
Juneja VK, Thippareddi H. 2004. Inhibitory effects of organic acid salts on growth of 
Clostridium perfringens from spore inocula during chilling of marinated ground turkey breast. 
Int J Food Microbiol 93(2):155-63. 
 
Liu XIA, Chism W. 1997. Inactivation of Escherchia coli O157:H7 by the combination of 
organic acids and pulsed electric field. Journal of Food Safey 16287-99. 
 
Maca JV, Miller RK, Acuff GR. 1997. Microbiological, sensory and chemical characteristics of 
vacuum-packaged ground beef patties treated with salts of organic acids. J Food Sci 62(3):591-6. 
 
Mbandi E, Shelef LA. 2002. Enhanced antimicrobial effects of combination of lactate and 
diacetate on Listeria monocytogenes and Salmonella spp. in beef bologna. Int J Food Microbiol 
76(3):191-8. 
 
Rhodes PL, Mitchell JW, Wilson MW, Melton LD. 2006. Antilisterial activity of grape juice and 
grape extracts derived from Vitis vinifera variety Ribier. Int J Food Microbiol 107(3):281-6. 
 
Siragusa GR, Dickson JS. 1992. Inhibition of Listeria monocytogenes on beef tissue by 
application of organic acids immobilized in a calcium alginate gel. J Food Sci 57(2):293-6. 
55  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1 
Effects of CA (), MA (), TA () at 37.5 mM, pH 3.34 control (), and ‘as is’ control () 
against S.T. (a), L.m. (b), and E.c. O157:H7 (c) in broth culture over 24 h. 
Error bars represent the SE of the arithmetic mean of each observation. P-value was set at 0.05 
significance level. 
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Figure 2 
Inhibitory effects of CA (), MA (), TA () at 75.0 mM, pH 3.34 control (), and ‘as is’ 
control () against S.T. (a), L.m. (b), and E.c. O157:H7 (c) in broth culture over 24 h. 
Error bars represent the SE of the arithmetic mean of the 3 observations. P-value was set at 0.05 
significance level. 
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Table 1. Antibacterial effect of various plant extracts against E. coli O157:H7, Listeria 
monocytogenes, and Salmonella Typhumurium after 24 hour in broth culture. 
 
 log CFU/mL bacteriaabcd  
 
Extract* 
 
mg/mL 
Salmonella 
Typhimurium 
Listeria monocytogenes Escherichia 
coli O157:H7 
BM(etOH) 5 9.37 9.21 9.21 
BM(HW)  9.33 9.19 9.19 
FG  9.28 9.13 9.03 
GS  8.95 8.94 8.93 
GT  8.46 7.90 8.48 
RA  9.40 9.24 9.26 
BM(etOH) 40 9.52 9.28 9.40 
BM(HW)  9.37 9.20 9.18 
FG  9.27 9.16 9.03 
GS  nd nd nd 
GT  nd nd nd 
RA  7.28 8.83 8.87 
Control  9.29 9.17 9.06 
*BM(etOH) = Bitter melon seed aqueous ethanol extraction; BM(HW) = Bitter melon seed hot 
water extraction; FG = Fenugreek extract; GS = grape seed extract; GT = green tea extract; RA = 
rasam extract. 
a Conditions: Inoculated into BHI at ~ 6 log CFU/mL. Incubated at 37 °C for 24 h with 200-rpm 
agitation. 
b Values are LS means of three determinations. Standard Errors of the means were 0.1418, 
0.0744, and 0.1398 for ST, Lm, and Ec, respectively. Least significant differences for ST, Lm, 
and Ec were 0.2171, 0.4139, and 0.4080, respectively. 
c nd = ‘none detected’ at the minimum detection level (10 CFU/ml). 
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Table 2. Effect of extracts of rasam made both with and without tamarind against Listeria 
monocytogenes and Salmonella Typhimurium in broth culture after 24 h. 
 
 
log CFU/mL Bacteriaabc 
 
 
 
 
 
 
 
 
 
a Conditions: Inoculated into BHI at ~ 6 log CFU/mL. Incubated at 37 °C for 24 h with 200-rpm 
agitation. 
b Values are LS means. The SE of the means were 0.0497 and 0.0451 for ST and Lm, 
respectively. LSD values were 0.195 and 0.177 for ST and Lm, respectively. 
c Minimum detection level 10 CFU/ml 
 
Rasam Extract 
 
mg/mL 
Salmonella 
Typhimurium 
Listeria 
monocytogenes 
W/ tamarind 5 9.17 8.20 
 40 6.39 6.13 
W/o tamarind 5 9.25 8.22 
 40 9.07 7.45 
Control  9.20 8.22 
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Table 3. Effect of tartaric acid and grape seed extract on three pathogens in broth culture 
after 24 hours 
 
a. Log CFU/mlabcd Salmonella Typhimurium 
 
Tartaric acid level (mM) 
GS mg/ml 0 18.75 37.50 
5 8.95 8.46 2.56 
10 8.87 8.34 0.95 
20 1.30 3.34 0.97 
40 0.95 0.95 0.95 
Control 9.04 - - 
 
b. Log CFU/mlabcd Listeria monocytogenes 
 
5 8.9 6.91 4.01 
10 8.87 8.18 1.47 
20 0.95 3.99 0.95 
40 0.95 0.95 0.95 
Control 9.02 - - 
 
c. Log CFU/mlabcd Escherichia coli O157:H7 
5 8.93 8.48 3.16 
10 8.85 8.03 1.13 
20 0.95 3.65 0.95 
40 0.95 0.95 0.95 
Control 8.94 - - 
a Conditions: Inoculated into BHI at ~ 6 log CFU/mL. Incubated at 37 °C for 24 h with 200-rpm 
agitation. 
b SEmeans were 0.419. 0.547, and 0.269 for S.T., L.m., and E.c., respectively. LSD values were 
1.192, 1.555, and 0.765 for S.T., L.m., and E.c., respectively. 
c Values are LSmeans. 
d Minimum detection level 10 CFU/ml 
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Table 4. Effect of tartaric acid and green tea extract on three pathogens in broth culture 
after 24 hours 
 
a. Log CFU/mlabcd Salmonella Typhimurium 
 
 
Tartaric acid level (mM) 
GT mg/ml 0 18.75 37.50 
5 7.21 8.46 4.05 
10 1.98 8.30 3.70 
20 1.30 7.58 1.69 
40 0.95 1.27 0.95 
Control 9.14 - - 
 
b. Log CFU/mlabcd Listeria monocytogenes 
 
5 7.32 6.91 3.58 
10 1.98 6.44 2.81 
20 1.63 5.46 1.70 
40 0.95 1.07 0.95 
Control 8.80 - - 
 
c. Log CFU/mlabcd Escherichia coli O157:H7 
 
5 8.48 8.24 4.53 
10 1.64 7.61 3.83 
20 1.30 2.15 2.16 
40 0.95 1.03 0.95 
Control 9.04 - - 
 
a Conditions: Inoculated into BHI at ~ 6 log CFU/mL. Incubated at 37 °C for 24 h with 200-rpm 
agitation. 
b SEmeans were 0.419. 0.547, and 0.269 for S.T., L.m., and E.c., respectively. LSD values were 
1.192, 1.555, and 0.765 for S.T., L.m., and E.c., respectively. 
c Values are LSmeans. 
d Minimum detection level 10 CFU/ml 
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Table 5. Antibacterial effect of Grape Seed and Green Tea extracts over a range of pH 
values after 24 h incubation at 37 °C. 
 
a. Log CFU/mL Listeria monocytogenes 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
a Conditions: Inoculated into BHI at ~ 6 log CFU/mL. Incubated at 37 °C for 24 h with 200-rpm 
agitation. 
b SEmeans of pH by Extract effect were 0.479 and 0.666 for Ec and Lm. 
c Values are LSmeans. 
d Minimum detection level 10 CFU/ml 
pH 
4 
GS 
2.66 
GT 
2.66 
None 
5.74 
pH mean 
3.69 
5 3.67 4.78 7.11 5.18 
6 5.33 6.25 7.81 6.46 
7 5.33 5.33 7.88 5.96 
Extract Mean 4.25 4.59 7.13  
b.  Log CFU/mL E. coli O157:H7 
pH 
4 
GS 
2.93 
GT 
3.46 
None 
4.71 
pH mean 
3.70 
5 7.81 7.41 8.21 7.81 
6 8.16 7.42 8.64 8.07 
7 7.56 8.04 8.80 8.13 
Extract Mean 6.62 6.58 7.59  
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Chapter IV 
 
Evaluation of malic, citric, acetic, tartaric, and lactic acid and selected plant extracts 
as inhibitory compounds against Escherichia coli O157:H7, Listeria monocytogenes, and 
Salmonella Typhimurium when vacuum infused into raw, boneless/skinless chicken breast 
meat. 
Published online in the Journal of Food Science as part of: Over, K., Hettiarachchy, N., Johnson, 
M.G., Davis, B. 2009. Effect of organic acids and plant extracts on Escherichia coli O157:H7, 
Listeria monocytogenes, and Salmonella Typhimurium in broth culture model and chicken meat 
systems. Published online in the Journal of Food Science (JFS-2009-0544.R1), published 
October 21, 2009. 
 
 
Abstract 
 
Contamination of food products with food borne pathogens and subsequent illnesses are a 
current issue in the food industry. Much bad press has resulted from cases of contamination and 
potential contamination. In light of this it is important to look for and implement new effective 
decontamination methods. In this study, several organic acids and selected plant extracts were 
evaluated for their antibacterial properties against E. coli O157:H7, Listeria monocytogenes, and 
Salmonella Typhimurium. In this study, 1-2 g chicken breast pieces were vacuum-infused with 
CA/MA/TA acid at 75 and 150 mM and GS and GT at 3,000, 6,000, and 9,000 ppm in a partial 
factorial arrangement. CA/MA/TA at 150.0 mM had the greatest effect as antimicrobials, 
reducing E.c., L.m. and S.T. by >5, >2, and 4-6 log CFU/g, respectively, although all organic 
acids showed some antibacterial activity at 75.0 and 150.0 mM. Citric, malic and tartaric acids 
showed great promise as antimicrobials when vacuum-infused into raw boneless/skinless chicken 
breasts. 
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Introduction 
 
Contamination of raw meat products with spoilage and pathogenic microorganisms 
constitutes a considerable economic impact to producers and a potential health risk to consumers. 
The intestinal tracks of chickens are commonly populated with Salmonella spp. and 
Campylobacter jejuni as well as other non-pathogenic species of intestinal flora. These  
pathogens represent a risk of contamination within poultry slaughter facilities. Although 
decontamination strategies are in place to remove potential pathogens from chicken carcasses, 
there are still significant risks associated with improper cooking and preparation of raw chicken 
products.  A survey from 1999 showed that a significant proportion of the population surveyed 
engaged in unsafe food preparation and consumption practices such as not washing hands and/or 
cutting boards after preparing raw meats and poultry and eating ‘pink’ hamburgers and 
undercooked eggs (Altekruse and others 1999). 
Organic acids have found use as antimicrobial agents in a range of applications. They 
have been used as components in spray washes (Berry and Cutter 2000, Dubal and others 2004), 
in antimicrobial dips (Anang and others 2007), as ingredients included in comminuted meat 
products (Maca and others 1997, Mbandi and Shelef 2002, Juneja and Thippareddi 2004). 
Eswaranandam and others (2004, 2006) have incorporated citric, lactic, malic, and tartaric acids 
into soy, whey, and wheat protein films. 
Although organic acids have been investigated in so many applications, very little work 
was found in the literature investigating the use of organic acids as a component of vacuum- 
tumbling marination for the purpose of decontamination or inhibition of pathogenic and spoilage 
microorganisms. Vacuum-tumbling has been used to decontaminate boneless skin-on chicken 
legs (Deumier 2006) and it was found that high concentrations tumbled for 8-10 minutes resulted 
65  
in approximately 2.5 log CFU/g reduction in total viable count. This work however, did not 
attempt to determine the effect of this process on pathogen survival. 
Many plant extracts containing polyphenolic compounds also exhibit antibacterial  
activity. Polyphenolic compounds such as those in grape seed and green tea extracts include 
catechin, epicatechin, epicatechin gallate, epigallocatechin gallate and various   
proanthocyanidins. These compounds have been studied for their antibacterial acitivity (Kubo 
and others 1992, Amarowicz and others 2000, Yoda and others 2004, Sivarooban and others 
2006, 2007 & 2008, Kumudavally and others 2008, Bañón and others 2007). The antibacterial 
acitivity of polyphenols is thought to be due to both adsoption to bacterial membranes causing 
disruptions and leakage of intracellular contents (Otake and others 1991, Ikigai and others 1993) 
and the oxidative generation of hydroperoxides (Arakawa and others 2004).This work proposes  
to study the effect of acetic, citric, lactic, malic, and tartaric acids, as well as grape seed (GS) and 
green tea (GT) extracts on food borne pathogen survival when vacuum-infused into raw chicken 
breast meat and to determine inhibitory concentrations. 
Materials and Methods: 
Materials and supplies 
Food-grade L-malic acid was purchased from Alfa Aesar (Ward Hill, MA, USA), L- 
tartaric acid from PMP Fermentation Products (Itasca, Illinois, USA), citric acid from Roche 
Vitamins, Inc. (Parsippany, New Jersey, USA), lactic acid from Fisher Scientific Co. (Fair Lawn, 
New Jersey, USA), and acetic acid from VWR. XLT4 Salmonella selective agar was purchased 
from Difco a division of Becton, Dickinson and company (Sparks, MD, USA), Oxford Listeria 
selective agar was purchased from EMD Chemicals Inc. (Gibbstown, NJ, USA), and 
MacConkey-Sorbitol agar was purchased from Difco a division of Becton, Dickinson and 
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company (Sparks, MD, USA). A local poultry and meat producer provided boneless/skinless 
chicken breast meat. Cryovac packaging bags was purchased from Sealed Air Corporation 
(Cryovac® a division of Sealed Air Corporation, Columbia, MD, USA). Brain Heart Infusion 
(BHI) was purchased from EMD Chemicals Inc. (Gibbstown, NJ, USA). Salmonella 
Typhimurium, Escherichia coli O157:H7 ATCC 43895, and Listeria monocytogenes V7 
serotype (1/2a) was obtained from Dr. Johnson, “Center for Food Safety and Quality research 
laboratory”, University of Arkansas. 
Methods 
 
Vacuum-infusion of raw, boneless, skinless chicken breasts with treatment solutions 
 
Raw, boneless/skinless chicken breast meat was trimmed of excess fat and cut into 1-2 g 
cubes (approximately 1 cm3). The chicken pieces were randomly assigned to treatments and 
approximately 40 g of chicken, representing 18-24 pieces, were vacuum-infused with 10 mL of  
all treatment solutions. This infusion volume ensures even distribution of organic acid solutions 
to all chicken pieces without undue leaching of nutrients from the chicken. The conditions of 
vacuum-infusion were chosen to mimic industry conditions and were: 63.5 cm-Hg for 20 min on 
high tumble setting in a 4 °C cooler using a vacuum tumbler (Model LT-4, LyCo, Janesville, WI, 
USA). After infusion, each treatment sample was divided into three equal amounts and surface- 
inoculated with one or more food borne pathogens. The samples were evaluated to determine the 
number of colony forming units per gram of chicken (CFUs/g). The experiments were replicated 
twice to determine variance in results. 
Vacuum-infusion marination of raw chicken breast meat with 5 organic acid solutions 
 
Acetic, citric, lactic, malic and tartaric acids were initially evaluated at 75 and 150 mM 
concentrations. These concentrations have been chosen based on preliminary studies designed to 
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determine effective inhibitory range of concentration. The organic acids were solubilized in 
deionized water and vacuum-infused into boneless, skinless chicken breast pieces by the method 
described before. The treated vacuum-infused chicken pieces were surface-inoculated with E. 
coli O157:H7, L. monocytogenes, and S. Typhimurium at approximately log 6 CFU/g and 
evaluated on day 0 and every 3 days for the duration of the 12-day storage to determine the 
number of CFU/g. 
Inhibitory effect of malic and tartaric acids combined at 75 mM concentrations each and 
vacuum-infused into boneless/skinless chicken breast meat pieces 
In addition to investigating the aforementioned 5 organic acids against E. coli O157:H7, 
Listeria monocytogenes and Salmonella Typhimurium, malic and tartaric acids were combined at 
75 mM concentrations each for a combined total of 150 mM organic acid and challenged with   
the same three food borne pathogens. 
Investigation of inhibitory concentrations of malic acid by vacuum-infusion and 
comparison with solutions having comparable pH values 
Malic acid was vacuum-infused into boneless/skinless chicken breast and inoculated with 
 
L. monocytogenes, following the procedure outlined above, at 50, 150, and 250 mM 
concentrations and compared to solutions with equivalent pH values to determine if any  
exhibited inhibitory activity in chicken breast meat system treated with malic acid is due to the 
pH effect of the solutions. The pH values for 50, 150, and 250 mM concentrations of malic acid, 
as measured in our lab, are 1.93, 1.74, and 1.72, respectively. Solutions with pH values 
comparable to the malic acid treatment solutions were obtained by addition of 0.1 M HCl to 
deionized water. An ‘as is’ control with no treatment was included in this study. These 
treatments were inoculated at approximately log 8 CFU/g with L. monocytogenes and evaluated 
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at hour 0 and every 24 hours over a total of 72 hours storage at 4 °C to determine inhibitory 
concentration of malic acid. 
Inhibitory effects of malic acid and grape seed and green tea extracts each alone and in 
combination against L. monocytogenes 
Malic acid was investigated at 75.0, 125.0, and 175.0 mM concentrations, alone and 
combined with grape seed and green tea extracts to determine the degree of inhibitory activity 
against L. monocytogenes when vacuum infused into boneless/skinless chicken breasts. Grape 
seed and green tea extracts were evaluated in the chicken breast system at 3000-ppm individually 
and 6000-ppm when combined based on 2.5% fat content of the breast meat and 15% uptake of 
the vacuum-infusion solution. These extracts were incorporated at these levels because these 
levels do not impart significant alterations of color or flavor in the chicken and because these 
levels are expected to provide some protection from oxidative damage. Protection from  
oxidation is desired to increase the acceptability of the chicken after refrigerated storage. To 
incorporate the extracts into the chicken at 3000-ppm, 7.50 mg of each extract separately was 
solubilized in every 15 mL of treatment solution. For the 6000-ppm combination of grape seed 
and green tea extracts, 7.50 mg of both extracts was solubilized in every 15 mL of treatment 
solution. The samples were evaluated at hour zero immediately following inoculation, and every 
24 hours after up to 96 hours. 
Inhibitory activity of grape seed and green tea extracts in combination with tartaric acid 
against E. coli 0157:H7, L. monocytogenes, and S. Typhimurium 
Grape seed and green tea extracts were solubilized in deionized water at 3000, 6000, and 
9000-ppm alone and in combination with tartaric acid at 75 mM concentration. The treatment 
solutions were vacuum-infused into raw boneless, skinless chicken breasts following the 
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procedure outlined above. The treated chicken breast meat pieces were inoculated with E. coli 
0157:H7, L. monocytogenes, and S. Typhimurium at approximately 6 log CFU/g and were 
evaluated over 12 days of storage with bacterial enumeration on day 0 and every 3 days to the 
end of the 12-day study. 
Bacterial inoculation preparation 
 
All three species, S. Typhimurium, E. coli O157:H7, and L. monocytogenes, were stored 
at -70 °C. Frozen bacteria were activated by inoculating 10 mL BHI with a loop full of the 
organism and incubating at 37 °C for 24 h at 200-rpm agitation. Bacteria were inoculated onto 
nutrient agar slants, incubated for 48 h at 37 °C, and stored at 4 °C until used. Ten milliliters of 
BHI was inoculated with a loop full of each bacterial species and placed in an incubator at 37 °C 
for 24 h with 200-rpm agitation using a New Brunswick Scientific (Edison, N.J. USA) agitating 
incubator. Three 250 mL centrifuge bottles containing 150 mL each of BHI were each 
inoculated with 150 μL of the culture solutions and incubated for 24 h at 37 °C with 200-rpm 
agitation. These cultures were centrifuged at 10,000 rpm for 10 min at 25 °C using a Beckman 
J2-21 centrifuge (Beckman Coulter, Fullerton, CA). The supernatant was discarded, and the 
pellets washed twice with Phosphate Buffer Solution (PBS, pH 7) and resuspended in 150 mL of 
PBS. 
Surface-inoculation of vacuum-infused boneless/skinless chicken breast meat pieces 
 
After vacuum-infusion with the treatment solutions, the chicken breast meat pieces were 
allowed to air dry inside a laminar flow hood for 10 min, surface inoculated with the bacterial 
cultures at approximately log 6 CFU/g chicken, and given 20 min for the bacterial cells to attach 
to the chicken. The level of log 6 CFU/g was chosen because this level represents a level of 
contamination that may conceivably be found while also leaving room for detectable reduction in 
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the case of antimicrobial acitivity and for detectable increase in contamination level if no 
antimicrobial acitivity is exerted. The pieces were then bagged separately, according to infusion 
solution and bacterial inoculation, into crovac packaging bags model B620 (Cryovac® a division 
of Sealed Air Corporation, Columbia, MD, USA). The pieces with same treatments were bagged 
together and treated as repeated measures in statistical analysis. The five organic acid samples 
were stored at 4 °C for 12 d and evaluated for microbial load every 3 days. The 12 d storage  
time was chosen to include normal shelf-life span, as well as, extended time to investigate 
potential recovery of injured cells. The malic acid and selected plant extracts were evaluated at 
time 0 and every 24 hours up to 96 hours to determine the effectiveness of the extracts in 
combination with malic acid and the lowest concentration of malic acid that has immediate 
antimicrobial inhibitory activity. 
Evaluation of microbial load 
 
Organic acid-treated, inoculated chicken pieces were evaluated on days 0, 3, 6, 9, and 12. 
 
Malic acid alone and with plant extracts was evaluated at time 0 after inoculation and every 24 
hours up to 96 hours. For each treatment, 1 piece of chicken was placed in a sterile stomacher 
bag, diluted 10-fold with PBS, stomached for 120 s in a Neutec Group Inc. masticator (IUL 
Instruments, Torrent de l’Estadella, 22 08030 Barcelona, Spain), and plated on Salmonella 
selective agar (XLT4), Listeria selective agar (Oxford agar with Listeria selective supplement), 
and E. coli selective agar (MacConkey Sorbitol with cefixime tellurite supplement). All platings 
were performed in duplicate and the entire experiment replicated twice to determine variation in 
results. The results of this experiment determined which organic acids at which concentration  
are effective as inhibitors of growth of the selected pathogens. The organic acid concentrations 
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showing maximum inhibitory activity were selected to evaluate their interaction with selected 
plant extracts. 
Statistical analysis 
 
The experimental design was randomized complete block with a factorial treatment 
structure. Evaluations made over time were treated as repeated measures. The results were 
analyzed as a split-plot design by mixed procedure using SAS statistical analysis software (SAS 
4.2, SAS Institute Inc., Cary, NC, USA). 
Results and Dicussion 
 
Vacuum-infusion marination of raw chicken breast meat with 5 organic acid solutions 
 
Figures 1a-c and 2a-c illustrate the effect of 5 organic acid treatments at 75.0 mM and 
 
150.0 mM, respectively, over the 12 days of storage. In figure 2a it can be seen that CA, MA, 
and TA at 150.0 mM reduced the number of S.T. to near undetectable levels by day 6 of storage 
(LOD = 100 CFU/g) and to undetectable levels after day 9 of storage. The next best performing 
organic acid at 150.0 mM was lactic acid, which reduced the numbers of S.T. by ~2.5 log CFU/g 
from the initial inoculation count by the sixth day of storage with minimal reduction occurring  
on days 9 and 12. 
At 75 mM concentration (figure 1b), all organic acids tested performed similarly against 
 
L.m. No significant reduction from initial inoculation levels was observed, but after 12 d of 
storage, L.m. levels of samples treated with organic acids were approximately 1.5 log CFUs/g 
lower than the control of no treatment. At 150 mM concentration (figure 2b), CA, MA, and TA 
reduced L.m. levels by approximately 2.5 log CFUs/g. At the same concentration, L.m. levels in 
the samples treated with AA and LA did not decline from the initial inoculation levels, although 
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after 12 d of refrigerated storage they were approximately 1.75 log CFUs/g lower than the 
control. 
Figures 1c & 2c illustrate the effects of the five organic acids at two concentrations on 
 
E.c. O157:H7. After 12 d refrigerated storage, CA, MA, and TA reduced E.c. O157:H7 levels by 
approximately 1.3, 1.0, and 1.8 log CFUs/g, respectively from initial inoculation levels. The  
most notable trend is the inhibitory effect exerted by CA, MA, and TA at 150.0 mM, where the 
net reductions from initial inoculation levels after 12 days of storage was ~5 log CFU/g. CA, 
MA, and TA reduced the E.c. O157:H7 count to undetectable levels (LOD = 100). 
Inhibitory effect of malic and tartaric acids combined at 75 mM concentrations each and 
vacuum-infused ito boneless/skinless chicken breast meat pieces. 
The results of the combination of MA and TA are presented in Figures 3a-c. The  
MA/TA combination reduced E.c. O157:H7 and S. T. compared to intitial inoculation level (~6.3 
log CFU/g) by approximately 0.5 log CFU/g after 12 d of storage. A much smaller reduction of 
L. m. was observed after 12 days of storage with levels reduced by ~0.2 log CFU/g. By the 12th 
day of storage both ‘as is’ and water controls exhibited bacterial growth of up to 8 log CFU/g, an 
increase of ~1.7 log CFU/g from intitial inoculum levels. MA/TA effectively inhibited the 
growth of all 3 pathogens. 
Investigation of Listeria-inhibitory concentrations of malic acid by vacuum-infusion and 
comparison with solutions having comparable pH 
The antilisterial activity of 3 concentrations MA, vacuum-infused into boneless/skinless 
chicken breasts is summarized in figure 4 a & b. The addition of MA at 150 and 250 mM had an 
immediate effect on the levels of L.m. Chicken breast pieces were vacuum-tumbled with MA 
solutions prior to inoculation with L.m. After inoculation, the treated chicken pieces were 
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allowed 20 min under a laminar flow hood for bacterial attachment. During this period, initial 
 
L.m. inoculation levels were reduced by all three MA concentrations, although by varying 
degrees based on increasing MA concentration. At time ‘0’, MA at 50, 150, and 250 had 
reduced intitial L.m. levels by 0.5, 2, and 3 log CFU/g. After the first 24 h of storage, samples 
treated with MA at 50 mM had L.m. levels equivalent to those seen at time 0, indicating no 
growth of L.m. Those samples treated with 150 and 250 mM MA had L.m. levels reduced by 3 
and 6 log CFU/g, respectively. Further reduction was seen in samples treated with 150 and 250 
mM MA after 48 hours storage, with L.m. levels for samples treated at 150 and 250 mM MA 
were reduce by 6 and 7 log CFU/g, respectively. After 72 h storage, 150 and 250 mM MA- 
treated chicken pieces exhibited no L.m. cells (LOD 10 CFU/g). MA at 50 mM provided no 
reduction beyond the 0.5 log CFU/g reduction observed at hour 0, although no increase of L.m. 
cells was observed. 
Inhibitory effects of malic acid and grape seed and green tea extracts each alone and in 
combination against L. monocytogenes 
GS and GT were evaluated alone and in combination over a range of MA concentrations 
to determine the efficacy of each alone as inhibitors of L.m. monocytogenes and to investigate 
potential antilisterial interactions when combined. The reults of this experiment are summarized 
in Table 1. GS and GT at the levels used in this experiment exhibited no reduction in L.m. levels 
when compared to the control of ‘no treatment’ over the 3-day storage period. Overall L.m. 
inhibition increased with increasing MA concentration. Samples treated with MA exhibited 
increasing L.m. inhibition over storage time as well. No interaction between extract type or 
combinaion and MA on L.m. inhibition was observed. Samples treated with MA at 125 mM 
concentration exhibited 1.5 CFU/g reduction from levels seen in the controls on day 0. This is 
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likely due to the fact that the samples were first vacuum-infused, then inoculated with L.m..  
Upon bacterial inoculation, the chicken pieces were allowed to rest under a laminar flow hood to 
allow the bacteria time to adhere to the chicken surface. During this time, the higher 
concentrations of MA exhibited inhibitory activity. As storage time and MA concentration 
increased, L.m. survival decreased. MA at 175 mM concentration reduced L.m. to non- 
detectable levels by the 48th hour of storage (LOD 10 CFU/g). By the 72nd hour of storage, 
samples treated with 125 mM MA were reduced by an average of ~4.7 log CFU/g. 1 
Conclusions 
In this study, CA, MA, and TA infused into chicken breasts at 150 mM concentrations 
were the most effective inhibitors of against S. Typhimurium, E. coli O157:H7, and L. 
monocytogenes of the 5 organic acids tested. There were no significant differences seen 
between any of the 5 organic acids tested at 75 mM concentration. 
When combined to a total of 75 mM concentration, MA and TA exerted similar  
inhibitory effects to those seen with both MA and TA alone at 75 mM. Although the  
combination of MA and TA did not significantly lower the numbers of pathogens, neither did the 
pathogens grow to levels seen in the ‘as is’ and wter controls. 
Malic acid infused into chicken breasts at 150 and 250 mM concentration reduced L. 
monocytogenes to non-detectable levels after 72 h storage. After initial inoculation with L. 
monocytogenes, bacteria levels were immediately reduced for 50, 150, and 250 mM 
concentrations by 0.5, 2. And 3 log CFU/g. This indicates that vacuum tumble treatment of 
chicken brreast meat with malic acid could reduce the survivability of L. monocytogenes. 
When combined with MA at 3000 ppm alone and 6000 ppm combined, GS and GT 
exhibited no antilisterial acitivity and, organic acids, especially CA, MA, and TA have practical 
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application potential as components of vacuum marination systems of poultry meat as microbial 
inhibitors. It is important to assess the effect of such treatments on the organoleptic properties of 
treated poultry meat. 
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Figure 1 (a-c) 
Effect of acetic (), citric (), lactic (), malic (),tartaric () at 75 mM on the survival of 
surface-inoculated S. T. (a), L. m. (b), and E. c. (c) stored for 12 days at 4° C compared to control 
(). Values are means ± SE bars of 3 replications. 
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Figure 2 a-c. 
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Effect of acetic (), citric (), lactic (), malic (), tartaric () at 150 mM on the survival of 
surface-inoculated S. T. (a), L. m. (b), and E. c. (c) stored for 12 days at 4° C compared to 
control (). Values are means ± SE bars of 3 replications 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3 a-c. 
Inhibitory effects of malic & tartaric acids combined at 75 mM apiece () compared to ‘as is’ 
control ()and water-infused control (), challenged with E. coli O157:H7 (a), Listeria 
monocytogenes (b), and Salmonella Typhimurium (c). Values are means ± SE bars of 3 
replications. 
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Figures 4 a & b. 
Effect of malic acid (a) vacuum-infused into boneless/skinless chicken breasts at 50 (), 150 (), and 250 () mM 
concentrations and and the effect o1f solutions having similar pH values of the malic acid concentration with which 
(a) (b) 
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Table 1. Inhibitory effect of combinations of various levels of malic acid and green tea and 
grape seed extracts on Listeria monocytogenes when vacuum infused into boneless/skinless 
chicken breasts. 
 
Treatment combination Log CFU/g Listeria monocytogenes2 
Hour 
Malic acid 
(mM) 
Extract type1 0 24 48 72 
0 GS 6.21 6.00 6.33 6.35 
 GT 6.12 6.12 6.11 6.3 
 GT & GS 6.27 6.08 6.18 6.43 
75 GS 4.77 4.55 3.81 3.46 
 GT 5.43 5.28 4.8 4.67 
 GT & GS 5.58 5.5 4.91 4.83 
 None 4.6 4.41 4.6 3.9 
125 GS 4.26 4.23 3.43 2.09 
 GT 4.4 4.52 3.04 2.37 
 GT & GS 4.36 4.41 2.57 1.35 
 None 3.63 3.85 2.88 1.29 
175 GS 3.91 2.91 0.95 0.95 
 GT 3.92 3.28 0.95 0.95 
 GT & GS 3.1 3.17 0.95 0.95 
 None 2.26 2.23 1.51 0.95 
‘As is’ 
Control 
None 6.08 6.06 5.95 6.12 
      
1GS=Grape Seed, GT=Green Tea 
2Values are LSmeans of three replications. SE of the LSmeans was 0.294. 
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Chapter V 
 
Effect of tartaricic acid and plant extract in combinations with electron beam 
irradiation at 0, 1.0, 2.0, and 3.0 kGy on the safety of boneless/skinless chicken breast 
meat pieces inoculated with Listeria monocytogenes. 
Published in the Journal of Food Science: As part of: K.F. Over, N.S. Hettiarachchy, A.V.S. 
Perumalla, M.G. Johnson, J.-F. Meullenet, J.S. Dickson, M.J. Holtzbauer, S.E. Niebuhr and B. 
Davis, 2010. Antilisterial acitivity and consumer acceptance of irradiated chicken breast meat 
vacuum-infused with grape seed and green tea extracts and tartaric acid. Article first published 
online: 3 AUG 2010, DOI: 10.1111/j.1750-3841.2010.01727.x 
 
 
Abstract 
 
Contamination of poultry with pathogenic bacteria contributes to human food borne 
disease, causes damage to industry brand names, and has a significant economic impact on the 
food industry.  Irradiation is a safe and effective means of decontaminating poultry products, but 
the maximum dose strengths allowed negatively impact poultry sensory quality characteristics. 
The objective of this research was to investigate the potential interactive inhibitory effects of 
incorporating natural antimicrobials as components of a vacuum-marination strategy in addition 
to various dose levels of irradiation. Tartaric acid (TA) at 2 levels and grape seed (GS) and  
green tea (GT) extracts were combined and vacuum-infused into chicken breast fillets and 
irradiated at 1, 2, and 3 kGy by electron beam irradiation. Results showed that samples vacuum- 
infused with TA at 37.5 mM and 75.0 mM and irradiated at 1 kGy significantly reduced Listeria 
monocytogenes (L.m.) levels by 2 and 3 log CFU/g compared to the control after 12 days of 
refrigerated storage. Vacuum-infusion of TA at 37.5 mM and 75.0 mM and irradiated at 2 and 3 
kGy reduced L.m. levels to near non-detectable levels. The addition of tartaric acid and natural 
plant extracts to chicken marinades could contribute to the prevention of L.m. contamination. 
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These treatments could find practical application in the industry as a means of ensuring the 
safety of poultry meat. 
Introduction 
 
Contamination of poultry products with food borne pathogens is an important contributor 
to human food borne disease and results in significant economic losses to the food industry. The 
FDA allows the use of ionizing radiation for raw and frozen poultry at maximum dose strength  
of 3.0 kGy. This dose level is adequate to significantly reduce the numbers of spoilage and 
pathogenic bacteria but also significantly contributes to sensory defects. Although irradiation is 
an excellent measure to ensure the safety and shelf life stability of poultry meat, it is also 
responsible for chemical changes in meat products that lead to off-flavors and odors (Ahn and 
others 1998, Jo and Ahn 2000, Du and Ahn 2002), decreased tenderness (Yoon 2003), and the 
formation of a pink color that persists after cooking (Nam and Ahn 2002a, 2002b, Nam and 
others 2001a, 2001b). The degree to which irradiation affects these characteristics is dose- 
dependent (Ahn and others 1998, Nanke and others 1998, 2002, Liu Y.L. and others 2003). 
Irradiation is only sparingly used in industry due to the negative effects on these quality 
characteristics and a general reluctance on the part of consumers to buy irradiated products (Food 
Marketing Institute 1997). Minimization of the sensory quality defects associated with  
irradiation can be investigated and potentially controlled, but consumer perception of irradiated 
products is less easy to manipulate. One possible strategy to alter consumer perception of 
irradiated products is to incorporate natural antimicrobial additives intended to work either 
additively or synergistically with irradiation allowing the use of a lower dose of irradiation while 
achieving a similar level of destructive action. It has been demonstrated that consumers prefer 
natural versus synthetic additives (Devcich and others 2007), therefore the addition of natural 
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compounds with antimicrobial activity may advance the effort to alter consumer attitudes toward 
irradiation. 
It has been shown that the use of multiple microbial intervention strategies applied as 
hurdle technologies often results in microbial inhibition that exceeds the singular effects of any 
of the strategies (McMahon and others 1999, McEntire and others 2003, Ricke and others 2005). 
Organic acids have been used in many treatments strategies to inhibit the proliferation of 
microorganisms (Berry and Cutter 2000, Dubal and others 2004, Eswaranandam and others  
2006, Anang and others 2007). They act as antimicrobials by entering bacterial cells in an 
undissociated state and releasing hydrogen protons once they encounter the near-neutral pH of 
the bacterial cytoplasm. This leads to a build-up of anions and protons within the bacterial cell, 
which hinders the cells metabolic processes by interfering with the proton motive force and ATP 
synthesis. 
Polyphenolic compounds are found abundantly in nature and have been shown to have, 
among others attributes, antioxidant, antihypertensive, and antimicrobial activity (Otake and 
others 1991, Amarowicz and others 2000, Tang and others 2002, Balasundram and others 2006, 
Bañón and others 2007b). Grape seeds and green tea have been found to contain significant 
amounts of polyphenolic compounds and have been shown along with their phenolic constituents 
to possess antimicrobial and antifungal activity (Amarowicz and others 2000, Kubo and others 
1992, Yoda and others 2004, Kumudavally and others 2008, Bañón and others 2007a). The 
antimicrobial mechanism of plant polyphenols has not been conclusively elucidated. This  
activity is thought to be most likely due to the combined effects of adsorption of polyphenols to 
bacterial membranes with membrane disruption and subsequent leakage of cellular contents 
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(Otake and others 1991, Ikigai and others 1993) and the oxidative generation of hydroperoxides 
from polyphenols (Arakawa and others 2004). 
Both TA and grape seed and green tea extracts are considered ‘natural’ additives. It is the 
purpose of this study to determine the effect of TA incorporated into boneless/skinless chicken 
breast by vacuum-infusion marination on the survival of L.m. when combined with irradiation at 
various dose levels. 
Materials and Methods 
Materials 
Brain Heart Infusion (BHI) and Oxford Listeria selective agar were purchased from EMD 
Chemicals Inc. (Gibbstown, NJ, USA). Listeria monocytogenes V7 serotype (1/2a) was obtained 
from Dr. Johnson, “Center for Food Safety and Quality research laboratory”, University of 
Arkansas. Oxford Listeria selective and tryptic soy agars were purchased from EMD Chemicals 
Inc. (Gibbstown, NJ, USA). Yeast extract supplement for tryptic soy agar was purchased from 
Difco a division of Becton, Dickinson and company (Sparks, MD, USA). L-tartaric acid was 
purchased from PMP Fermentation Products (Itasca, IL, USA). Green tea extract was procured 
from Jarrow Formulas, (Los Angeles, CA, USA), grape seed extract was purchased from Mega 
Natural Inc. (Madera, CA, USA). Cryovac packaging bags were purchased from Sealed Air 
Corporation (Cryovac® a division of Sealed Air Corporation, Columbia, MD, USA). 
Methods 
 
Vacuum-infusion marination of chicken meat 
 
Tartaric acid was infused at 37.5 and 75.0 mM concentrations, with green tea (GT) and 
grape seed (GS) at 3000 and 6000 ppm in a full-factorial arrangement and subjected to various 
irradiation dose strengths.  Raw, boneless/skinless chicken breast meat was trimmed of visible 
87  
fat and cut into 1-2 g cubes (approximately 1cm3). The chicken pieces were randomly assigned  
to treatments and approximately 40 g of chicken, representing 18-24 pieces, was vacuum-infused 
with 10 mL of all treatment solutions. The conditions of vacuum-infusion were chosen to mimic 
industry conditions and were: 63.5 cm-Hg for 20 min on high tumble setting in a 4 °C cooler 
using a vacuum tumbler (Model LT-4, LyCo, Janesville, WI, USA). For cooked samples,  
chicken was infused before cooking, and then cooked in an electric oven at 177 °C for 20 min. 
After infusion, each treatment sample for both raw ans cooked chicken was divided into three 
equal amounts and surface-inoculated with L. monocytogenes. 
Bacterial inoculation preparation 
 
The culture of L.m. was prepared as described in Chapter III. Stock cultures were kept in 
frozen storage at -70 °C. Frozen stocks were activated by inoculating 10 mL of BHI with a loop 
full of the thawed culture and incubating for 24 h at 37 °C and 200 rpm agitation in an agitating 
incubator. Fresh BHI was inoculated for the surface inoculation of the treatment chicken pieces 
from these solutions and incubated for 18 h at 37 °C and 200 rpm agitation. After 18 h the 
cultures were separated from the BHI by centrifuging at 10,000 rpm for 10 min at 25 °C. The 
supernatant was discarded, and the pellets washed twice with PBS before being re-suspended in  
a volume of PBS equal to the original volume of BHI in the culture. 
Surface-inoculation of vacuum-infused chicken breast meat pieces 
 
Raw and cooked infused chicken breast meat pieces were surface-inoculated according to 
the method described in Chapter IV. Vacuum-infused chicken pieces were allowed to air dry for 
10 min in a laminar flow hood. The pieces were then surface-inoculated with each pathogen at a 
concentration of approximately log 6 CFU/g. 
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Irradiation of vacuum-infused samples 
 
Surface-inoculated chicken breast meat was immediately aseptically packaged and sealed 
in irradiation-approved cryovac bags (Cryovac® a division of Sealed Air Corporation, Columbia, 
MD, USA), cooled to 1 °C, and immediately transported to the Linear Accelerator Facility   
(LAF) at Iowa State University Meat Laboratory, Ames, Iowa. Samples were irradiated using a 
CIRCE IIIR Electron Beam (EB) irradiator (Thomas-CSF Linac, St. Aubin, France) at an energy 
level of 10 MeV and a dose rate of 90.0 kGy/min. Samples were placed in single layers on  
plastic carts for irradiation. The absorbed dose of irradiation by samples was determined by 
attaching two alanine dosimeters on each cart to the top and bottom surfaces of the samples. The 
samples were irradiated with a single sided pass while exposed to the EB and irradiated at three 
targeted doses: 1.0, 2.0, and 3.0 kGy. The actual absorbed doses were measured using an E-  
scan. The instrument was calibrated according to the ASTM E 1261 § 8.5 in-house calibration 
using transfer standard dosimeters ranging from 0.2 to 10 kGy (Gex-Corporation, Riso, 
Denmark). Following irradiation, the chicken breast was repacked and transported directly back 
to our facility the same day, where it was kept at 4 °C over a 12 d storage time. Samples were 
kept for 12 days and evaluated for CFU/g every 3 days. Day 0 was defined as the day upon  
which the samples are returned to our facility. 
Evaluation of microbial load 
 
The determination of inhibitory activity of treatments was determined by spread plating 
of samples according to the method described previously in Chapter IV. Chicken from each 
treatment group was evaluated for microbial load every 3 days for 12 d total. From each 
treatment group, 1 piece of chicken was taken on each day of evaluation, placed in a sterile 
stomacher bag, diluted 10-fold with Phosphate Buffer Saline (PBS, pH 7), stomached for 120 s 
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in a Neutec Group Inc. masticator (IUL Instruments, Torrent de l’Estadella, 22 08030 Barcelona, 
Spain). The samples were then plated on Listeria selective agar (Oxford agar with Listeria 
selective supplement). All plating was performed in duplicate and the entire experiment was 
replicated twice for a total of three observation sets to determine variation in results. 
Statistical analysis 
 
The experiment design for this study was split-plot, with the whole plot being a 
randomized complete block with 3 blocks and 3 irradiation levels. The Split was the 
extract/organic acid factorial. Evaluations over time were considered as repeated measures. The 
results were analyzed using proc mixed in SAS 4.2 SAS Institute Inc., Cary, NC, USA). 
Results and Discussion 
Antimicrobial activity 
Raw and cooked vacuum-infused chicken treated with various levels of TA and GSE and 
GTE were inoculated with approximately 7.5 log CFU/g L.m.. With raw samples, significant 2- 
way interactions were found between TA level and time, TA level and irradiation level, and 
irradiation level and time. The LSmeans estimates can be seen in Tables 1, 2, and 3, 
respectively. Extract type and level had no effect on L.m. inhibition in raw samples. A 
significant (p<0.0001) interation between TA and irradiation levels was observed (Table 1). As 
both TA concentration and absorbed irradiation dose level increased, L.m. survival decreased. 
The effectiveness of TA was improved with increasing absorbed irradiation dose level. 
 
A 2-way interaction between TA level and time was also observed (Table 2). L.m. levels 
increased over time without treatment with TA, with treatment of 37.5 mM TA, pathogen levels 
remained static, and with treatments of 75.0 mM TA, pathogen levels decreased over the 12 days 
of storage. 
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The effect of irradiation dose level over time can be seen in Table 3. L.m. survival was 
reduced with increasing irradiation dose absorbed. Over the 12 days of storage, samples exposed 
to higher levels of irradiation remained low when compared to control and 1 kGy absorbed 
irradiation dose. 
Tamblyn and Connor (1997) in their investigation of the bactericidal activity of organic 
acids in conjunction with transdermal compounds found that tartaric acid applied to the surface  
of chicken skin at 0.5% concentration reduced firmly attached Salmonella Typhimurium by 0.43 
and 2.6 log CFU/g compared to untreated controls when applied by dipping at 0 °C for 60 min 
and 50 °C for 2 min, respectively. TA at 0.5% in solution is roughly equal to a 33.3 mM 
concentration. Other organic acids evaluated for antibacterial activity include acetic, citric, and 
lactic acids. del Rio and others (2007) reported that 2% citric acid when used as an antimicrobial 
dip reduced mesophilic aerobic, psychotrophic and coliform bacteria on chicken legs by 1.34, 
0.42, and 2.16 log CFU/g compared to untreated samples after 5 d of storage at 3 °C. Lactic acid 
evaluated at a maximum level of 2 % in a dipping solution applied for 30 min was reported to 
reduce L.m. counts on chicken breast fillets by 2.59 log CFU/g compared to untreated controls 
(8.51 log CFU/g) (Anang and others 2007). The results of our study verify these previous 
reported results and are similar to the effect of TA incorporated into chicken breast pieces on 
L.m., as well as Salmonella Typhimurium and Escherichia coli O157:H7 reported by Over et al. 
(2009). In that study, Over et al. (2009) demonstrated that TA vacuum-marinated into 
boneless/skinless chicken breasts at 75 and 150 mM concentrations reduced L.m. levels by ~ 1 
and 4 log CFU/g, respectively, when compared to the untreated control after 12 d of storage at 4° 
C. The results of the current study show that vacuum-marination with TA at concentrations 
lower than used by Over et al. (2009) can be combined with sub-maximum irradiation to achieve 
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effective L.m. inhibition. Ionizing radiation destroys bacteria due to the effects of damage to 
bacterial DNA. The radiation causes random DNA cleavages throughout the bacterial genome 
and population (Lado and Yousef 2002). If the DNA cleavages cannot be repaired, the bacterial 
cells die. Those bacteria that are sub-lethally injured can potentially repair themselves and 
continue as viable cells. It has been shown that exposure of microbial flora to sub lethally 
injurious levels of irradiation increase the sensitivity of the irradiated bacteria to other 
antimicrobial actions (Campbell-Platt and Grandison 1990, Farkas 1990), as well as 
environmental factors including pH and moisture (Farkas and others 1995). The added hurdle of 
TA included in the marinade may provide an environment that is not conducive to the repair of 
irradiation-induced DNA damage, therefore leading to the inability of these cells to proliferate at 
the same rate, if at all, as seen in the treatment without TA. 
For samples that were marinated and then cooked, significant 2-way interactions between 
treatment factors were observed. The interaction of irradiation level and time (Table 4) were 
significant (p < 0.0001). As irradiation level increased, the survival of L. monocytogenes 
decreased and those bacteria remaining took in samples treated with higher irradiation dose  
levels reproduced at a much slower rate. In Table 5. the LS means of the 2-way interaction 
between irradiation level and TA level can the seen. Interaction between TA and irradiation 
levels was weakly significant (p < 0.05). As TA level reached 75 mM concentration, a  
significant reduction in bacterial caount was observed. A weakly significant 2-way interaction 
was also observed between extract level and TA level (p < 0.05). As TA concentration increase  
a slight decrease in L.m. level was observed. At TA level of ‘none’, both GT and GS extracts 
demonstrated a very small inhibitory effect. This effect wasn’t apparent with the addition of TA. 
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Conclusions 
 
It is clear from the observed interaction of TA level with irradiation that the addition of 
TA to raw chicken breast fillets as a component of a vacuum marination process could reduce 
potential L.m. load and afford the ability to utilize a lower dose of irradiation while achieving a 
similar level of pathogen destruction. The effect of vacuum-tumble marination with TA on L.m. 
survival, although significant, was less pronounced than in the raw chicken fillets. This was 
likely due to loss of the marinade in the form of drip loss. The addition of tartaric acid and GS 
and GT extracts to chicken breast fillet marinade had no effect on consumer acceptance. The 
treatments of TA and extracts combined irradiated at 2 kGy were most preferred by consumers. 
The addition of tartaric acid and natural plants extracts to chicken marinades could contribute to 
the prevention of L.m. contamination. 
Irradiation of poutrly meat at the maximum levels permitted (3 kGy), although producing 
a pathogen-free product, detrimentally shortenss storage time and reduces product quality. 
Utilizing multiple-hurdle technology such as the addition of antimicrobial organic acids and GT 
and GS extracts to poutrly marinades can improve product quality and allow for similar 
destructive effect of irradiation at levels below the maximum allowed. 
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Table 1. LSmeans estimates of TA * Irradiation interaction on L. monocytogenes levels in 
raw chicken. 
 
 
Least Squares Means*** 
 
Effect* TA Ir Estimate** 
TA*Ir 0 0 7.8149 
TA*Ir 0 1 6.4098 
TA*Ir 0 2 3.7032 
TA*Ir 0 3 2.1718 
TA*Ir 37.5 0 7.8131 
TA*Ir 37.5 1 5.4542 
TA*Ir 37.5 2 2.7346 
TA*Ir 37.5 3 2.1103 
TA*Ir 75 0 7.0785 
TA*Ir 75 1 4.9513 
TA*Ir 75 2 2.0799 
TA*Ir 75 3 2.0114 
 
*TA = Tartaric acid level 
Ir = Irradiation level 
** LSmeans estimates of L.m. population levels (log 10 CFU/g) 
***SE = 0.0995 
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Table 2. LSmeans of TA * Time interaction on L. monocytogenes levels on raw chicken. 
 
 
 
Least Squares Means*** 
 
Effect* TA Time Estimate** 
TA*Time 0 0 4.6525 
TA*Time 0 3 4.9513 
TA*Time 0 6 5.0155 
TA*Time 0 9 5.0813 
TA*Time 0 12 5.4241 
TA*Time 37.5 0 4.4167 
TA*Time 37.5 3 4.5327 
TA*Time 37.5 6 4.5372 
TA*Time 37.5 9 4.5885 
TA*Time 37.5 12 4.5651 
TA*Time 75 0 4.0731 
TA*Time 75 3 4.0391 
TA*Time 75 6 3.9251 
TA*Time 75 9 3.8092 
TA*Time 75 12 3.8053 
*TA = Tartaric acid level 
** LSmeans estimates of L.m. population levels (log 10 CFU/g) 
***SE = 0.1056 
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Table 3. LSmeans estimates for Time *Irradiation on L. monocytogenes levels on raw 
chicken   
Least Squares Means*** 
 
Effect* Time Ir Estimate** 
Time*Ir 0 0 7.5269 
Time*Ir 0 1 5.2351 
Time*Ir 0 2 2.7480 
Time*Ir 0 3 2.0131 
Time*Ir 3 0 7.7404 
Time*Ir 3 1 5.3529 
Time*Ir 3 2 2.8983 
Time*Ir 3 3 2.0392 
Time*Ir 6 0 7.8077 
Time*Ir 6 1 5.4003 
Time*Ir 6 2 2.7242 
Time*Ir 6 3 2.0383 
Time*Ir 9 0 7.4078 
Time*Ir 9 1 5.5309 
Time*Ir 9 2 2.9399 
Time*Ir 9 3 2.0934 
Time*Ir 12 0 7.3616 
Time*Ir 12 1 5.8400 
Time*Ir 12 2 2.8858 
Time*Ir 12 3 2.3053 
*Ir = Irradiation level 
**LS means estimates of L.m. population levels (log 10 CFU/g) 
***SE = 0.1150 
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Table 4. Effect of interaction of Time * Irradiation for cooked samples on L. 
monocytogenes counts. 
 
 
Least Squares Means*** 
 
Effect* Time IR Estimate** 
Time*IR 0 0 7.6076 
Time*IR 0 1 4.0989 
Time*IR 0 2 2.0509 
Time*IR 0 3 1.9956 
Time*IR 3 0 8.5885 
Time*IR 3 1 5.2992 
Time*IR 3 2 2.3830 
Time*IR 3 3 1.9957 
Time*IR 6 0 9.0181 
Time*IR 6 1 5.9381 
Time*IR 6 2 2.9839 
Time*IR 6 3 1.9956 
Time*IR 9 0 9.1507 
Time*IR 9 1 6.5710 
Time*IR 9 2 3.7201 
Time*IR 9 3 2.0071 
Time*IR 12 0 9.2432 
Time*IR 12 1 7.1514 
Time*IR 12 2 4.6877 
Time*IR 12 3 2.1076 
*Ir = Irradiation level 
** LS means estimates of L.m. population levels (log 10 CFU/g) 
***SE = 0.1042 
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Table 5. Effect of interaction between TA * IR on L. monocytogenes counts for cooked 
samples.   
Least Squares Means*** 
 
Effect* TA IR Estimate** 
TA*IR 0 0 8.7618 
TA*IR 0 1 5.8366 
TA*IR 0 2 3.3908 
TA*IR 0 3 2.0173 
TA*IR 37.5 0 8.7579 
TA*IR 37.5 1 5.8335 
TA*IR 37.5 2 3.0013 
TA*IR 37.5 3 2.0447 
TA*IR 75 0 8.6451 
TA*IR 75 1 5.7651 
TA*IR 75 2 3.1033 
TA*IR 75 3 1.9990 
*Ir = Irradiation level 
TA = Tartaric acid level 
** LS means estimates of L.m. population levels (log 10 CFU/g) 
***SE = 0.0905 
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Table 6. Effect of interaction between extract level * TA level on L. monocytogenes for 
cooked samples.   
Least Squares Means*** 
 
Effect* Ext TA Estimate** 
Ext*TA N 0 5.1154 
Ext*TA N 37.5 4.9350 
Ext*TA N 75 4.8116 
Ext*TA S 0 4.8840 
Ext*TA S 37.5 4.9568 
Ext*TA S 75 4.8971 
Ext*TA T 0 5.0054 
Ext*TA T 37.5 4.8362 
Ext*TA T 75 4.9258 
*TA = Tartarid acid level 
** LS means estimates of L.m. population levels (log 10 CFU/g) 
***SE = 0.0848 
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Chapter VI 
 
Evaluation of selected physicochemical characteristics and oxidative stability of 
boneless/skinless chicken breast meat, vacuum-infused with select organic acids and plant 
extracts and irradiated at 0, 1.0, and 2.0 kGy over 12 days fresh and 9 months frozen 
storage 
Abstract 
 
Contamination of chicken products by food borne bacteria can be inhibited through the 
use of antimicrobials included in marinations for vacuum-infusion and irradiation at low doses. 
Before such strategies can be implemented, it is important to evaluate the effect of those 
antimicrobials on important physical quality characteristics such as color, water holding capacity 
(WHC), and texture, as well as chemical quality characteristics such as rate of lipid oxidation. 
This study investigates the effect of vacuum marination of chicken breast meat with tartaric acid 
and grape seed and green tea extracts on physicochemical properties and lipid oxidation. We 
found that treatment of chicken breast meat with 37.5 mM tartaric acid and 6000 and 9000 ppm 
of grape seed and green tea extracts combined did not significantly reduce redness caused by 
irradiation, but were effective at reducing radiation-induced lipid oxidation. 
Introduction 
 
Irradiation of poultry products is an effective measure to control the growth of food borne 
spoilage and pathogenic microorganism. Unfortunately irradiation of poultry meat causes 
chemical changes resulting in off-flavors and odors (Ahn and others 1998, Jo and Ahn 2000, Du 
and Ahn 2002), decreased tenderness (Yoon 2003), and the formation of a pink color that   
persists after cooking (Nam and Ahn 2002a, 2002b, Nam and others 2001a, 2001b). Ahn and 
others (2000, 2002) determined that the source of the off-odors associated with irradiated pork 
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were a combination of lipid oxidation volatiles and volatile products of the oxidation of sulfur 
containing amino acids (Ahn, Jo and Olson 2000, Ahn and Lee 2002). This observation was 
further confirmed in poultry by an analysis of irradiated turkey (Fan and others 2002) Irradiation 
has been shown to increase the rate of lipid oxidation of muscle foods (Mead 1989, Luchsinger 
and others 1996, Mead 2004). The sensory defects associated with radiation exhibit a dose- 
dependent relationship with absorbed irradiation (Ahn and others 1998, Nanke, Sebranek and 
Olson 1998, Nam and others 2002, Liu and others 2003). 
Many synthetic antioxidants are currently permitted for use in food products including 
butylated hydroxyanisole (BHA), butylated hydroxytoluene (BHT), tertiary- 
butylatedhydroquinone (TBHQ), and propyl gallate (PG). Due to concerns about the potential 
toxicity of synthetic additives, there has been a push toward finding natural compounds with 
equivalent antioxidant activity. Many plant polyphenols possess antioxidant activity. The 
individual phenolic constituents of tea have been demonstrated to have superior antioxidant 
activity to BHA and dl-α-tocopherol at similar molar concentrations in lard (Matsuzaki and Hara 
1985, Namiki 1990). Phenolic compounds can act as reducing agents, metal chelators, and 
singlet oxygen quenchers (Shahidi and Naczk 1995). 
It has been reported that tartaric acid acts synergistically with antioxidants to prevent   
lipid oxidation (Gardner 1972) by acting as a metal chelator having the ability to remove pro- 
oxidant metal ions. In a study using photostorage chemiluminescence (PSCL) to measure the 
antioxidant activity of lipophilic compounds, tartaric and malic acids were found to possess more 
antioxidant activity than either citric and ascorbic acids or trolox, a water-soluble derivative of 
vitamin E widely used as an antioxidant, at similar concentrations (Papadopoulos and others 
2001). 
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It is the purpose of this study to determine the effect of vacuum-infusion marination of 
tartaric acid in combination with grape seed and green tea extracts on the physicochemical 
characteristics and oxidative stability of raw, boneless chicken breasts over 12 d of fresh storage 
and 9 mo of frozen storage (-20 °C). Physicochemical characteristics of interest were tenderness, 
water-hoding capacity, internal pH, and color. This study also examines the effect of tartaric   
acid and extracts on the rate of lipid oxidation in chicken breasts exposed to 1 and 2 kGy of 
electron beam irradiation. 
Materials and Methods 
Materials and Supplies 
Food-grade L-malic acid was obtained from Alfa Aesar (Ward Hill, MA, USA), L- 
tartaric acid from PMP Fermentation Products (Itasca, IL, USA), Commercial grape seed and 
green tea extracts were purchased from Meganatural Inc. (Madera, CA, USA) and Jarrow 
Formulas (Los Angeles, CA, USA), respectively. Cryovac packaging bags were purchased from 
Sealed Air Corporation (Cryovac® a division of Sealed Air Corporation, Columbia, MD, USA). 
Fresh boneless and skinless chicken breasts were provided by a local industry (Tyson Foods Inc., 
Springdale, AR, U.S.A.). 
Methods 
 
Vacuum-infusion marination of chicken meat 
 
Raw, boneless/skinless chicken breast meat was trimmed of excess fat and vacuum- 
infused with tartaric acid and GS and GT under the conditions described in Chapter IV. Tartaric 
acid was infused at the levels found to be most effective from the Chapter V study, with a 
combination of grape seed (GS) and green tea (GT) extracts at 6000 and 9000-ppm (based on 
2.5% fat content of chicken breasts). 
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Irradiation of vacuum-infused samples 
 
Vacuum-infused chicken breast meat was immediately aseptically packaged and sealed in 
irradiation-approved Cryovac bags (Cryovac® a division of Sealed Air Corporation, Columbia, 
MD, USA), cooled to 1 °C, and transported to the Linear Accelerator Facility (LAF) at Iowa  
State University Meat Laboratory, Ames, Iowa. Samples were irradiated using a CIRCE IIIR 
Electron Beam (EB) irradiator (Thomas-CSF Linac, St. Aubin, France) at an energy level of 10 
MeV and a dose rate of 90.0 kGy/min. Samples were placed in single layers on stainless steel 
carts for irradiation. The absorbed dose of irradiation by samples was determined by attaching 
two alanine dosimeters on each cart to the top and bottom surfaces of the samples. The samples 
were irradiated with a single sided pass while exposed to the EB. The samples were irradiated at 
two targeted doses: 1.0 and 2.0 kGy. The actual absorbed doses were measured using an E-scan. 
The instrument was calibrated according to the ASTM E 1261 section 8.5 in-house calibration 
using transfer standard dosimeters ranging from 0.2 to 10 kGy (Gex-corporation, Riso,  
Denmark). Following irradiation, the chicken breasts were repacked and transported directly 
back to our facility the same day, where they were kept at both 5 °C for 12-day fresh storage 
study and -20 °C for the frozen extended storage study. Samples were randomly selected from 
each treatment and control at 0, 6 and 12 days for the fresh storage study and 0, 3, 6, and 9 
months of storage at –20 °C for the frozen storage study. For the frozen storage study, samples 
were thawed for 12 h at 4 °C. All samples were evaluated for water holding capacity (WHC),  
pH, color, texture, thiobarbituric acid reactive substances (TBARS) value, and hexanal by gas 
chromatograph-mass spectrometer (GC-MS). 
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Water Holding Capacity (WHC) 
 
A determination of WHC of raw chicken breasts was conducted over 12 days with 
evaluations made on days 0, 6, and 12 for the fresh storage study, and over 9 mo with   
evaluations made at time 0, and after 3, 6, and 9 months of frozen storage. WHC was   
determined in accordance with the method of Young and Lyon (1986) with modifications. Ten 
grams of each treatment irradiated and non-irradiated with controls was ground in 20.0 mL   
buffer solution (0.2 M NaCl + 8.2 mM tripolyphosphate, pH=8.3) in a blender (Osterizer Galaxie 
Dual Range 14 Oster Corp Milwaukee, WI, U.S.A.) for 2 min. The contents were removed and 
place into a 50-mL centrifuge tube along with 5 ml used to rinse the blender, and allowed to  
stand at 5 °C for 30 min, and centrifuged at 8,000 x g (J2-21 Centrifuge, Beckman, Fullerton,  
CA, U.S.A.) at 4 °C for 30 min. The residues and supernatants were weighed and the following 
equation used to calculate WHC. 
% WHC = 
 
(Solution added to sample – Solution removed after centrifugation) x 100 
 
Sample weight 
 
pH determination of chicken breasts 
 
A determination of pH of raw chicken breasts was conducted over 12 days with 
evaluations made on days 0, 6, and 12 for the fresh storage study, and over 9 mo with 
evaluations made at time 0, and after 3, 6, and 9 months of frozen storage. The pH of the 
treatments was measured using a pH probe (Orion 420A, Beverly, MA, USA). A total of 3 
measurements per breast were taken at 25, 50, and 75% from the large end of the breast on both 
the dorsal and ventral sides and averaged to obtain the pH, in accordance with the method of 
Rababah (2004). 
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Color determination of chicken breasts 
 
Color measurements of chicken breasts were made over 12 days with evaluations made 
on days 0, 6, and 12 for the fresh storage study, and over 9 mo with evaluations made at time 0, 
and after 3, 6, and 9 months of frozen storage. Color was measured using a colorimeter (Model 
CR-300, Minolta, Ramsey, N.J., U.S.A.) and recorded using the L*a*b* color system. The 
L*a*b* color system consists of a luminance component (L*) and two chromatic values a* (red  
to green) and b* (blue to yellow). The colorimeter was calibrated using a standard white plate. 
The chicken breasts were measured at three locations (25, 50, and 75% from the large end) on   
cut side opposite the membrane side for a total of 3 measurements per breast. The measurements 
were subsequently averaged. 
Texture of cooked chicken breasts 
 
The texture of cooked, vacuum-infused, irradiated chicken breasts was determined based 
on shear force, work of shear, and compression data. Evaluations were made using a texture 
analyzer (TA-XT21, Texture Technologies Corp., NY, USA). Chicken breasts were cooked as 
described by Sam and others (1988) in a conventional electric oven at 190 °C for 20 min, and 
then allowed to cool for 30 min at room temperature. The breasts were wrapped in aluminum 
foil after cooling until texture measurements are made. 
Warner-Bratzler Shear Force Determination of cooked chicken breasts 
 
The shear test of cooked chicken breasts was conducted according to the method used by 
Rababah (2004) with slight modification. Two shear cuts were made per each breast from each 
treatment parallel to the muscle fibers from the center portion of the breast. A TA 90 heavy-duty 
platform was secured to the base of the texture analyzer, a slotted plate was inserted into the 
platform, and a TA 7 WB shearing blade was attached to the load cell carrier. The platform was 
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positioned to allow passage of the blade through the base plate. A 25-kg load cell was calibrated 
using a 5 kg weight and was set to move at a pre- and post-test rate of 5 mm/s and a test rate of 
10 mm/s. Total travel distance of blade was 50 mm. The maximum shear force in Newtons was 
recorded from the force deformation curve. Each treatment was performed in triplicate to 
determine variation among treatments. 
Instrumental Texture Profile of cooked chicken breasts 
 
Texture profile analyses (TPA) was accomplished using the method of Lyon and Lyon 
(1990)and Smith and others (1988). Triplicate analyses were made on 0.5 inch cores obtained 
from the middle of the large end of each cooked chicken breast. The cores were shielded from 
drying before analysis by wrapping in plastic and holding at room temperature. The cores were 
compressed twice between two 3-inch diameter compression plates attached to the 25-kg load 
cell. The load cell was set to move at a pre- and post-test rate of 5 mm/s and a test rate of 10 
mm/s with a trigger force of 40 g. The cores were compressed twice to 70% of their original 
height and the two compression curves were considered A1 and A2. The second compression 
immediately followed the return of the upper compression plate to the sample’s original height. 
Chicken hardness, cohesiveness, springiness, and chewiness were determined from this analysis. 
Hardness, in TPA, is described as the amount of force (N) necessary to produce the first 
compression (A1). Cohesiveness is defined as the ratio of the areas under the compression 
curves (A1 and A2). Springiness is defined as the ratio of the distance or time of contact with 
sample during the second compression (D2) to the same distance or time for the first 
compression (D1). Chewiness is defined as the product of hardness, cohesiveness, and 
springiness. Three measurements were made per breast per replication for a total of nine 
measurements per treatment. 
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Determination of the degree of lipid oxidation over time by analysis of headspace volatiles 
with GC-MS 
A GC-MS (Shimadzu, model Q5050A, Columbia, MD, USA) equipped with a solid- 
phase microextraction (SPME) sampling system with a 65 μm 
corboxen/ploydimethylsiloxane/Divinylbenzene (CAR/PDMS/DVB) fiber was used to detect 
lipid oxidation products present in the headspace above the samples. 
Chicken breasts were cooked in a conventional electric oven at 190 °C for 20 min, and 
then allowed to cool to room temperature. A chicken breast for each treatment was homogenized 
in a blender (Osterizer Galaxie Dual Range 14 Oster Corp Milwaukee, WI, U.S.A.) for 30 s and   
7 g was taken for each day of analysis, mixed with 5 mL of saturated NaCL solution, and placed 
in a 50-mL sample vial with a crimped silicon-septum cap. Prior to GC-MS analysis, the sample 
vials were incubated at 45 °C for 15 min. At the beginning of this incubation the 
CAR/PDMS/DVB fiber was inserted 22 mm into headspace above the sample to adsorb volatiles 
released from the chicken. After incubation, the CAR/PDMS/DVB fiber was desorbed in the 
injection port of the GC at 250 °C for 5 min. The constituent compounds adsorbed onto the 
CAR/PDMS/DVB fiber were separated using a Restek XTI-5 column with dimensions of 0.25 
mm ID x 30 m x 0.25 μm. The temperature and pressure conditions of the GC were based on 
optimization work completed prior to this experiment and were 50 °C for 5 min then ramped to 
200 °C at 20 °C/min. The pressure within the column was held at 47.4 psi for 5 min, and then 
ramped 7 psi/min to 100 psi. The interface temperature between the GC and MS was held at 280 
°C. 
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Statistical analysis 
 
The experiment design for this study was a split-plot, with the whole plot being a 
randomized complete block with 3 blocks and 3 irradiation levels. The Split was the 
extract/organic acid combinations. The data was analyzed using the mixed procedure of SAS 4.2 
software package (SAS 2009 Institute Inc., Cary, NC, USA). 
Results and Discussion 
WHC 
No interaction effects were observed in the fresh storage samples between any of the 
treatment factors. Significant differences were observed from the main effects of irradiation and 
tartaric acid levels (Tables 1 and 2, Appendix A). WHC of samples irradiated at both 1.0 and 2.0 
kGy were significantly higher than non-irradiated samples with WHC LSMeans of 13.66 and 
13.61, respectively. The WHC of samples treated with TA at 37.5 mM (Table 2) was 
significantly lower than those without TA (p<0.05) with WHC LSMeans of 13.00 and 13.75, 
respectively. This observation was expected and confirms previous research indicating lower pH 
values are correlated to reduced WHC (Van Laack and others 2000). 
In the 9-month frozen storage study, a significant difference was seen between non- 
irradiated samples due to the main effect of extract level (p<0.001). Non-irradiated samples 
treated with both 6000 and 9000 ppm of the combined extracts had significantly higher WHC 
(Table 3, Appendix A). 
pH 
 
A weakly, significant 4-way interaction between irradiation, extract level, tartaric acid 
level, and time was observed (Table 4, Appendix A) in the samples subjected to 12 days of fresh 
storage (p<0.05). The pH values of the samples ranged from 5.7 to 6.9 although 97.5% of the 
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observations were under 6.2. The median of pH value was 5.99.  The differences in pH of the 
data did not follow the expected trends since treatment with TA did not affect the overall internal 
pH of the samples. The variation in pH is likely due to biological differences inherent in the 
chicken breasts. Overall, most samples were not statistically different. The highest pH value  
was seen in the sample irradiated at 2.0 kGy with no extract or TA added on the 12th day of 
storage at 5° C (LS mean of 6.31). pH values of samples subjected to 9 months (Table 5, 
Appendix A) frozen storage ranged from 5.4 to 6.3 with a median value of 5.9. A significant 3- 
way interaction was observed between irradiation, extract, and time, although, again, no  
definitive trend was obvious. The highest pH observed was in the samples treated with no 
irradiation, no extract at 9 months of frozen storage (LS mean of 6.1). The lowest pH observed 
was in the sample treated with no irradiation, no extract at 3 months of frozen storage (LS mean 
of 5.6). The bulk of the pH values measured were not statistically different from one another. It 
is possible the minor differences observed could be due to biological differences between the 
chicken breasts used in this study. 
Color 
 
Color a* values for samples subjected to 12 days of fresh storage ranged from 0.23 to 
 
7.36 with a median value of 3.8. Significant interactions of TA and time (p<0.05), extract level 
and TA (p<0.05), and the main effect of irradiation level were observed and the LS means 
reported in Tables 6, 7 and 8 (Appendix A), respectively. As irradiation level increased, the 
redness of the samples also increased. The interaction effects of TA and time and extract level 
and TA are more difficult to unravel. It appears the addition of extracts to the samples increased 
the redness of their appearance. This is to be expected since the color of the extract solution had 
a reddish color. For samples not treated with extract solution and for those treated with 9000- 
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ppm extract solution, less redness was observed than those treated with 6000 ppm extract 
solution and the redness in these samples increased with the addition of TA. There were 
inconsistencies in color, possibly due to biological differences between samples. It would 
probably be worthwhile to investigate the effect of similar treatments on color using many more 
samples and a reduced treatment structure and without attempting as many analyses. This could 
aide in accounting for variation in chicken breast color. 
Color a* values for samples subjected to 9 months of frozen storage ranged from 0.40 to 
 
7.66 with a median value of 3.1. A significant 3-way interaction between irradiation, extract 
level, and TA (p<0.01) was observed (Tables 9 and 10, Appendix A), as well as a significant  
main effect of time (p<0.0005). The redness of samples stored frozen for 9 month generally 
increased with increasing irradiation dose strength. This observation is consistent with Millar 
(1995) and Nanke (1998). The redness of the samples associated with increasing irradiation dose 
level was not reduced with the addition of extracts or increasing levels of extracts. As storage 
time increased, the redness of samples initially decreased at 3 month then remained unchanged 
over the last 3-months of storage. As seen in the fresh storage study, there existed considerable 
variation possibly due to biological differences in the muscle of different birds. 
The pink color defect associated with irradiation of poultry meat is thought to be due to 
the formations of carboxymyoglobin by irradiation-induced CO binding in the sixth ligand 
position with myoglobin. Irradiation can decrease the oxidation reduction potential (ORP) 
leading to the radiolytic production of CO gas (Nam and Ahn 2002). The production of CO 
during irradiation was determined to be due to the presence of hydroxyl radicals generated by 
ionizing radiation on the aqueous emulsion system of the meat (Lee and Ahn 2004). Lee and 
Ahn (2004) postulated that the cleavage of fatty acid double bonds through lipid oxidation 
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initiated by the irradiation-generated hydroxyl radical and potential scission at the acyl-oxygen 
bond of some of the oxidation products, resulted in the formation of aldehydes, alcohol and CO, 
and that scission of the alkyl-oxygen bond produced free fatty acids, CO2, the Cn-1 alkane, and 
short chain hydrocarbons (Josephson and Peterson 1983). 
Maximum Shear (N) 
 
Maximum shear values for samples subjected to 12 days of fresh storage ranged from 
 
12.7 to 33.0 Newtons with a median value of 19.8 Newtons. A significant 3-way interaction 
between irradiation, extract level, and time (p<0.005) was observed (Table 11, Appendix A). As 
storage time and extract level increased, the maximum shear force values increased. The 
treatments with the highest shear force were those with irradiation level/extract level/storage  
time of: 0 kGy/9000 ppm/12 days and 1.0 kGy/ 9000 ppm/ 6 days with shear LS means of 26.97 
and 26.87 N, respectively. Treatments with the lowest shear force were those with irradiation 
level/extract level/storage time of: 2.0 kGy/ 0 ppm/ day 0, 1.0 kGy/ 0 ppm/ day 0, and 2.0 kGy/  
0 ppm/ 6 days. With shear LS means of 15.33, 15.99, and 15.97 N, respectively. 
Maximum shear force values for samples subjected to 9 months frozen storage ranged 
form 12.7 Newtons to 45.76 Newtons with a median value of 23.1 Newtons. As seen in the fresh 
storage study, a significant 3-way interaction between irradiation, extract level, and time   
(p<0.05) was observed (Table 12, Appendix A). As storage time and extract level increased the 
maximum shear force values also increased. The treatment with the highest shear value was 
treated with 1.0 kGy irradiation, 6000 ppm extract, at 9 months frozen storage. This treatment 
had a LS mean of 34.62 N. The treatment with the lowest shear force value was non-irradiated 
with no extract added at day 0. This treatment had a LS mean of 15.33 N. A lot of variation was 
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seen between the chicken breast regardless of treatments. There seems to naturally be a great 
deal of difference in the texture in chicken breasts. 
Instrumental Texture Profile of cooked chicken breasts 
Hardness 
Texture profile analysis (TPA) involves the multiple compressions of cores of chicken 
breast of particular dimensions to a specified percent of their original height and calculations 
made based on the force needed to cause the compression and the response of the chicken to the 
compressions. Hardness is defined as the amount of force (Newtons in this case) necessary to 
cause the first compression. The hardness values for samples subjected to 12 days fresh storage 
ranged from from 29.0 to 53.0 Newtons with a median value of 41.0 Newtons. A weakly 
significant 4-way interaction between time, TA, irradiation level and extract level was observed 
(Table 13, Appendix A). The hardest sample treatment combination was that without irradiation 
and treated with 6000 ppm of extracts and 37.5 mM TA at day 0, with hardness LS mean of 
49.48 N. The samples with the least hardness were those treated with no irradiation, extracts or 
TA at day 0, 1.0 kGy irradiation, no extract, no TA and on day 0, and 1.0 kGy, 9000 ppm extract, 
37.5 TA, on day 6. These samples had LS means of 33.29, 32.64, and 33.45 N, respectively. 
The vast majority of the sample treatments were not statistically different from each other. It is 
likely the differences seen in hardness of the various treatments were due, in part to natural 
variation in textural properties seen in the chicken breasts. 
The hardness values for samples subjected to 9 months frozen storage ranged from 22.2 
to 62.4 with a median of 36.6 Newtons. Significant main effects of extract level (p<0.005) and 
time (p<0.0001) were observed (Tables 14 and 15, Appendix A). Sample hardness increased 
slightly with increasing extract level. From time 0 to 6 months, hardness decreased, then at 9 
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months hardness increased to a level comparable to the 3-month mark. It is highly possible that 
variation between chicken breasts could have contributed to much of the variation seen and could 
have clouded the results making it difficult to determine the treatment effects. 
Cohesiveness 
 
Cohesiveness of the TPA is defined as the ratio of the area of the 2 compression curves. 
The cohesiveness values for the samples subjected to 12 days fresh storage ranged from 0.10 to 
0.35 with a median value of 0.26. There were significant interactions between irradiation and 
time (p<0.0005) and extract level and time (p<0.05) (Tables 16 and 17, Appendix A). Over the 
12 days of fresh storage, the cohesiveness values of samples at increasing levels of irradiation 
decreased. Cohesiveness appears to have decreased with increasing extract level, although, no 
cleat effect of storage time was apparent. 
The cohesiveness values for samples kept in frozen storage over 9 months ranged from 
 
0.16 to 0.35 with a median value of 0.28. A significant interaction between irradiation level and 
time (p<0.005) was observed (Table 18, Appendix A). Although significant, this interaction  
does not appear to follow along any logical trend based on treatment factors. Cohesiveness 
tended to increase from time 0 to the third month of frozen storage and to then decline through 
the ninth month, except in the case of those samples treated with 1.0 kGy irradiation. In these 
samples the trend was for the cohesiveness to increase from time 0 until 3 months frozen storage 
to then decline somewhat at the sixth month and to again increase at 9 months. The variation 
seen in trend is possibly due to inherent physiological differences between the chicken breasts. 
A significan 2-way interaction between irradiation level and tartaric acid level was also 
observed (Table 19, Appendix A). Cohesiveness decreased with increasing TA level, except in 
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the samples treated at 2 kGy irradiation. In these samples, cohesiveness increased from 0.27 to 
0.28. 
Springiness 
 
Springiness in TPA is defined as the ratio of the time of contact of the compression plate 
with the core during the first compression to the same time for the second compression. The 
springiness values for samples kept in refrigerated storage for 12 days ranged from 0.35 to 0.52 
with a median value of 0.45. The main effects of time (p<0.005) and extract level (p<0.005) are 
presented in Tables 20 and 21 (Appendix A). Springiness values increased with increasing 
storage time and with increasing extract level. A signifiacant 2-way interaction between 
irradiation and TA was also observed (Table 22, Appendix A). Springiness generally increased 
with increasing irradiation strength. 
Springiness values for samples subjected to 9 months frozen storage ranged from 0.37 to 
 
0.64 with a median value of 0.48. A significant 3-way interaction between irradiation level, 
tartaric acid level and time was observed (Table 23, Appendix A). Generally, springiness 
increased over the frozen storage time until the 6th month. By the 9th month, springiness values 
began to decrease. Another weakly significant 3-way interaction was observed between 
irradiation level, extract level and tartaric acid level (Table 24, Appendix A). Without 
irradiation, springiness values increase with the addition of TA. This does not hold true with the 
addition of irradiation at 1 kGy, but the trend of increasing springiness with the addition of TA 
reappears at 2 kGy irradiatin level. Springiness seems to increase initially with the addition of 
the extract combination at 6000 ppm but decreases slightly at 9000 ppm. 
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Chewiness 
 
The chewiness of a sample is calculated as the product of the hardness, cohesiveness and 
springiness of the sample. The chewiness values for samples subjected to 12 days of fresh 
storage at 5 °C ranged from 2.1 to 7.9 with a median value of 4.6. A significant interaction 
between irradiation and time (p<0.001) was observed (Table 25, Appendix A). Chewiness 
increased with both increased irradiation level and as storage time progressed. There was also a 
significant main effect of extract level on chewiness (Table 26, Appendix A). As extract 
concentration increased from none to 6000 ppm, chewiness increased slightly. Then, when 
extract level increased from 6000 ppm to 9000 ppm, chewiness decreased. 
The chewiness values for samples subjected to 9 months of frozen storage ranged from 
 
2.2 to 12.2 with a median value of 4.8. Significant main effects of time (Table 27, Appendix A) 
and extract level (Table 28, Appendix 
A) were observed (p<0.0001). Chewiness of the samples increased with increasing extract level 
and was variable over the 9 months of frozen storage. 
Lipid oxidation as measured by hexanal content determined by GCMS 
 
Lipid oxidation of the treated and irradiated samples was determined by measuring 
hexanal, a major by product of lipid oxidation, using a GCMS equipped with a solid phase 
microextraction fiber (SPME). The results were reported as ppb hexanal. Hexanal was chosen 
as an indicator of lipid oxidation because it is a primary product of the oxidation of linoleic acid 
(a predominating fatty acid in poultry meat). 
The hexanal contents of samples subjected to 12 days refrigerated fresh storage at 5 °C 
ranged from 2.15 to 215.6 ppb with a median concentration of 21.59 ppb. There was a 
significant 3-way interaction (Table 29) between irradiation, extract level and time (p<0.005). 
118  
Hexanal content increased with increasing irradiation dose level and over time. A significant 
decrease in the hexanal content was seen between the extract levels of ‘no extract’ and both 6000 
ppm and 9000 ppm extracts. There was also a significant 2-way interaction between extract and 
tartaric acid levels (Table 30). Without extracts, hexanal values decreased with the addition of 
TA. As extract level increase, the effect of increasing TA level decreased. 
The hexanal contents of samples subjected to 9 months frozen storage ranged from -0.08 
to 201.7 with a median of 23.5 ppb. The negative value associated with the low end of this range 
is due to a detection level so low the equation of the standard curve did not produce a positive 
value. A significant 4-way interaction (Table 31) was observed between irradiation level, extract 
level, TA, and time (p<0.05). As seen in the fresh storage study, the addition of any level of the 
extracts drastically reduced the hexanal content. Hexanal content tended to increase over time 
and with increasing irradiation level. A much weaker but similar effect was seen with the 
addition of TA. Tartaric acid can act as an antioxidant by virtue of its metal chelating ability. 
The decrease in shelf life caused by the increased rate of oxidation brought about by 
irradiation of chicken meat is a concern for poultry producers. Based on those findings, a 
combination of green tea and grape seed extracts could significantly reduce the effects of 
irradiation on the rate of lipid oxidation. The ‘natural’ status of these extracts makes them 
attractive additives of meat marination strategies. 
Conclusions 
 
New effective strategies for maintaining the safety of the food available for consumers 
are in ever-increasing demand. Irradiation is an effective measure for the destruction of 
pathogenic, food borne bacteria. It has been shown that irradiation at low levels combined with 
natural inhibition strategies such as vacuum-marination with antimicrobial compounds is also an 
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effective means of ensuring the safety of chicken breast meat (Over and others 2009). In this 
study, it is shown that not only can tartaric acid combined with grape seed and green tea act as an 
antimicrobial hurdle, but can also served to increase chicken breast shelf life without significant 
effects on quality indicators. The addition of grape seed and green tea extracts to chicken breasts 
that was subsequently irradiated reduced the rate of lipid oxidation. The addition of TA and the 
extract combination did not significantly reduce irradiation-induced pinking of the chicken breast 
meat. 
This study demonstrates the potential of tartaric acid and grape seed and green tea 
extracts as useful components of vacuum-marination strategies. Due to the effectiveness of 
irradiation as a decontamination strategy, as well as the growing concern on the part of 
consumers about the safety of their food, use of irradiation on food is likely to receive great 
attention in the future. This study demonstrates how some of the negative effects of irradiation 
on chicken can be lessened through the use of antioxidant plant extracts. Based on these results, 
grape seed and green tea in combination at 6000 ppm (based on 2.5% fat content of chicken 
meat) as a component of vacuum marinade would be effective at reducing the rate of lipid 
oxidation and thereby extending the shelf life of poultry products, as well as improving the 
quality. 
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Abstract 
 
Contamination of poultry with pathogenic bacteria contributes to human food borne 
disease, causes damage to industry brand names, and has a significant economic impact on the 
food industry in the form of both damage to industry brand names and losses associated with 
recalls. Irradiation is a safe and effective means of decontaminating poultry products, but the 
maximum dose levels allowed negatively impact poultry sensory quality characteristics. The 
objective of this study was to use a consumer test group to evaluate tartaric acid (TA) and grape 
seed (GS) and green tea (GT) extracts infused into chicken breast fillets with and without 
irradiation at 2 kGy on overall impression, flavor, texture, appearance and tenderness. Results 
showed the addition of TA and GS and GT to chicken breast fillets with and without irradiation 
did not significantly impact consumer preference, tenderness, appearance or flavor. The addition 
of tartaric acid and natural plants extracts to chicken marinades could contribute to the   
prevention of L.m. contamination. 
Introduction 
 
Poultry consumption has seen phenomenal growth over the last 38 years. The Economic 
Research Service/United States Department of Agriculture (ERS/USDA) reported the average 
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consumption of chicken in 1970 to be 40.3 lbs, in 2007 that total had increased to 87.0 lbs 
(ERS/USDA 2008). 
Irradiation is an effective method for ensuring the microbiological safety of poultry 
products. Unfortunately, irradiation also results in some undesirable sensory quality changes 
such as increased lipid oxidation, off-flavor and odor production, and the formation of pink color 
that persists after cooking that negatively affect consumer acceptance (Nam and others 2002). 
Polyphenolic compounds are found abundantly in nature tea and coffee, as well as, many fruits 
and a host of spices and other plants that are too extensive to attempt to name, and have been 
shown to have, among others attributes, antioxidant, antihypertensive, and antimicrobial activity 
(Over and others 2009, Bañón and others 2007, Balasundram and others 2006, Tang and others 
2002, Amarowicz and others 2000, Otake and others 1991). Grape seeds and green tea have  
been found to contain significant amounts of polyphenolic compounds and have been shown 
along with their phenolic constituents to possess antimicrobial and antifungal activity (Bañón  
and others 2007, Amarowicz and others 2000, Kumudavally and others 2008, Yoda and others 
2004, Kubo and others 1992). The antimicrobial mechanism of plant polyphenols has not been 
conclusively elucidated. This activity is thought to be most likely due to the combined effects of 
membrane disruption leading to leaking of intracellular contents brought about by adsorption of 
polyphenols to bacterial membranes (Otake and others 1991, Ikigai and others 1993) and the 
oxidative generation of hydroperoxides from polyphenols (Arakawa and others 2004). 
The antioxidant activity of grape seed and green tea extracts is also attributed to the 
polyphenolic compounds found in these plants. Polyphenolic compounds act as antioxidants by 
acting as reducing agents, metal chelators, and singlet oxygen quenchers (Shahidi and Naczk 
1995). Many of the quality defects associated with irradiation of poultry are attributable to 
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radiolytic water products such as hydroxyl ions, aqueous hydrated electrons, hydrogen peroxides, 
and hydrated protons. 
Sensory characteristics that are most likely to affect consumer acceptance and purchasing 
habits of meat products are appearance, flavor, and texture (Gray and others 1996). The pink 
color defect is most noticeable in poultry and pork meats because of their pale nature (Heaton  
and others 2000). Off-flavors and odors, increased lipid oxidation, and pink color formation  
have been reported in irradiated poultry meat (Hanis and others 1989). Transmission election 
microscopy has shown that irradiated chicken breast myofibrils units (sarcomeres) were found to 
have shrunk leading to an increase in toughness (Yoon 2003). 
Multiple hurdle technology is the use of multiple intervention strategies to ensure the 
microbiological safety of food products. The inclusion of antimicrobials and antioxidants into 
food products and subsequent irradiation can be an effective strategy for the safety of said foods, 
but the effect on product flavor, appearance, texture, and overall acceptability is important to 
determine. Organic acid and plant extract combinations may prove useful in minimizing the 
sensory quality defects associated with the irradiation of poultry meat, but their affect on the 
organoleptic, visual, and textural properties of the poultry meat need to be determined. 
This study proposes to investigate the effect of vacuum-infusion of tartaric acid and grape 
seed and green tea extracts on the flavor, appearance, texture and overall acceptability of 
irradiated chicken breast meat. 
Materials and Methods 
Materials and Supplies 
Food-grade L-tartaric acid from PMP Fermentation Products (Itasca, IL, USA), 
Commercial grape seed and green tea extracts were purchased from Mega natural Inc. (Madera, 
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CA, USA) and Jarrow Formulas (Los Angeles, CA, USA), respectively. Cryovac packaging 
bags were purchased from Sealed Air Corporation (Cryovac® a division of Sealed Air 
Corporation, Columbia, MD, USA). Fresh boneless and skinless chicken breasts were provided 
by a local industry (Tyson Foods Inc., Springdale, AR, U.S.A.). 
Methods 
 
Vacuum-infusion marination of chicken meat 
 
Chicken breasts were infused with grape seed (GS) and green tea (GT) extracts in 
combination at 6000 ppm (based on 2.5% fat content of chicken breast) and tartaric acid at 0, 
37.5 and 75 mM concentrations in a full factorial design arrangement by vacuum tumbling 
method. The conditions of infusion were: 63.5 cm-Hg for 20 min on high tumble setting in a 
4°C cooler using a vacuum tumbler (Model LT-4, LyCo, Janesville, WI, USA). Chicken infused 
with water and without infusion was included to serve as water and ‘as is’ controls. 
After infusion, chicken breasts were sealed using a vacuum-impulse sealer, model PVS- 
GA18 (PAC Packaging Aids Corporation, San Rafael, California, USA) in irradiation approved 
Cryovac bags (Cryovac® a division of Sealed Air Corporation, Columbia, MD, USA) with four 
breasts being allotted to each bag. The bags were sealed with a 4 s sealing and a 9 s cooling 
time. The sealed bags were double bagged with zip-type plastic bags for transport. 
Irradiation and storage 
 
Immediately following infusion, chicken breasts were stored at 4 °C and transported to 
Linear Accelerator Facility (LAF) at Iowa State University (Ames, Iowa, USA) meat laboratory 
to be irradiated at 1.0 and 2.0 kGy. Samples were irradiated using a CIRCE IIIR Electron Beam 
(EB) irradiator (Thomas-CSF Linac, St. Aubin, France) at an energy level of 10 MeV and a dose 
rate of 90.0 kGy/min. Samples were placed in single layers on stainless steel carts for 
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irradiation. The absorbed dose of irradiation by the samples was determined by attaching two 
alanine dosimeters on each cart to the top and bottom surfaces of the samples. The samples were 
irradiated with a single sided pass while exposed to the EB. The samples were irradiated at two 
targeted doses: 1.0 and 2.0 kGy. The actual absorbed doses were measured using an E-scan. 
The instrument was calibrated according to the ASTM E 1261 section 8.5 in-house calibration 
using transfer standard dosimeters ranging from 0.2 to 10 kGy (Gex-corporation, Riso, 
Denmark). Following irradiation, the chicken breast was repacked and transported directly back 
to our facility the same day, where they were kept at 4 °C for the duration of the study. 
Cooking 
 
Treated and irradiated boneless, skinless chicken breasts were cooked according to the 
method used by Rababah and others (2005). Approximately 45 chicken breasts from each 
treatment were cooked. The internal temperature of the chicken breast was monitored using 
thermocouples inserted horizontally into the breast and connected to a Digi-sense detector. An 
electric oven was pre-heated to 190 °C. The chicken breasts were cooked to an internal 
temperature of 74 °C, and then allowed to cool to 43 °C at room temperature. The breasts were 
then cut into cubes for sensory evaluation. 
Consumer acceptance study 
 
Six treatments were chosen based on demonstrated antilisterial efficacy. Chicken breasts 
with and without 2 kGy irradiation, 6000 ppm GS and GT extract combined, and 37.5 mM 
tartaric acid were chosen. Consumers were chosen on the basis of chicken consumption. A 
target of at least 70 consumers was desired for the test. The actual number of consumers to take 
the test was 72. Consumers were asked to evaluate treatment samples for overall impression, 
flavor and texture using a 9-point hedonic scale where 1 = dislike extremely and 9 = like 
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extremely. Consumers were also asked to evaluate the samples for appearance and tenderness 
using a 5-point just-about-right (JAR) scale. Both 9-point hedonic and JAR scale tests are 
commonly used in the poultry industry to determine consumer acceptance and to breakdown the 
attribute drivers of consumer acceptance. Between samples consumers were given soda crackers 
and room-temperature water to cleanse their mouths of carryover factors. Samples were coded 
with a 3-digit code and presented in random, sequential monadic order. 
Statistical analysis 
 
The responses to the consumer sensory questions were analyzed as a 2 factor factorial of 
irradiation level * extract/organic acid treatment and significant differences determined by Least 
Significant Difference (LSD) method (α = 0.05). 
Results and Discussion 
Consumer acceptance 
A total of 72 consumers participated in the study. Of the 72, 40 were male and 32  
female. Approximately 85% were between the ages of 18 and 45. The data for overall 
impression, flavor and texture were analyzed as a two-factor factorial with the first factor being 3 
treatment levels and the second 2 irradiation levels. The interaction between irradiation and 
treatment levels was found to be significant (p<0.05). When the values from the sensory quality 
evaluation of samples irradiated at 0 and 2 kGy were compared (Table 1), significant differences 
were only found in the case of the overall impression of breast fillets marinated with the TA and 
extract combination (p < 0.05). A significant difference was found between the non-irradiated 
water control and samples marinated with the extract solution (p < 0.05) for texture with the  
water control being preferred. The overall impression of non-irradiated chicken marinated with 
TA and extract combined were preferred to non-irradiated chicken marinated with extract alone 
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(p < 0.05). Overall impression was also fitted to an internal preference map using principal 
component analysis to determine which treatments were most liked (Figure 1). From the chart it 
is possible to see that the treatment of tartaric acid with the GS and GT extract combination 
without irradiation was the most preferred of the treatments. It bears noting that the principal 
components (PC) 1 and 2 accounted for only 55% of the variation seen between products. 
The results of the JAR tests for color and tenderness are presented in Table 2. Color 
preferences varied significantly due to treatment but not irradiation level within treatments. 
Overall, the color of the water controls at both 0 and 2 kGy irradiation were less preferred 
compared to treatments of both extract alone and extract combined with TA (p<0.05). No 
preferences for tenderness were observed with the mean scores for each treatment and irradiation 
level falling very close to the ‘just about right’ level. To determine the effect of individual 
panelists JAR scores for color and tenderness on overall impression a penalty analysis test was 
conducted (Figures 2 & 3). The penalty analysis shows the effects of scores of ‘too light’ or ‘too 
dark’ and ‘too tender’ or ‘too tough’ for color and tenderness JARs, on overall impression 9- 
point hedonic scores. The ordinate axis represents the point decrease in overall liking due to the 
JAR score, while the abscissa axis denotes the percent of respondents who gave the particular 
score. These charts can be simplified by noting that points that lie in the upper right-hand corner 
have a more significant impact on overall impression than those found in the lower left-hand 
corner. JAR responses coming from fewer than 20% of the respondents are typically not 
considered to have a significant impact on overall liking. In figure 3 the results of the penalty 
analysis for color JAR scores are displayed. Highlights from figure 3 are that color scores of  
‘too light’ significantly reduced the overall impression scores for the water control irradiated at 2 
kGy for approximately 43% of the panelists surveyed. Approximately 33% of panelists scored 
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the TA and extract combination treatment irradiated at 2 kGy as ‘too dark’. The corresponding 
effect was to lower overall impression scores by approximately 1.7 points. Interestingly, ~23% 
and ~31% of the panelists scored the non-irradiated extract only treatment as ‘too dark’ and ‘too 
light’, respectively, with the effect of lowering overall impression by 1.5 and 1.4 points, 
respectively.  This leaves 46% of the panelists who felt the color was ‘just about right’. 
Conclusion 
 
The addition of tartaric acid and GS and GT extracts to chicken breast fillet marinade had 
no effect on consumer acceptance scores. In fact, treatments of TA and extracts combined 
irradiated at 2 kGy were most preferred by consumers. It is very important that samples treated 
with GT and GS extracts and TA received comparable acceptance scores as untreated samples in 
light of the antibacterial activity and effect on storage life conferred by these additives. This 
study confirms the addition of GT and GS extracts and TA at demonstrated antibacterial level of 
37.5 mM have no effect on consumer liking. 
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Table 1 
Mean scores ± standard error for flavor, texture and overall impression of marinated 
boneless/skinless chicken breastsa,b 
 
Sensory characteristic 
Irradiation level 
(kGy) 
Mean score 
  (n = 72)  
  
 
Water control 
 
 
Extract alone 
Tartaric 
acid and 
Extract 
Flavor 0 5.7±0.2 a,x 5.7±0.2 a,x 6.1±0.2 a,x 
 2 5.6±0.2 a,x 6.0±0.2 a,x 5.7±0.2 a,x 
Texture 0 6.2±0.2 a,x 5.5±0.2b,x 6.2±0.2ab,x 
 2 5.9±0.2 a,x 5.8±0.2 a,x 6.1±0.2 a,x 
Overall impression 0 5.9±0.2ab,x 5.5±0.2b,x 6.2±0.2 a,x 
 2 5.7±0.2ab,x 6.0±0.2 ab,x 5.6±0.2b,y 
a Mean values in the same row that are not followed by the same superscript letter (a,b) are 
significantly different (p < 0.05). Mean values in the same column within sensory characteristic 
category that are not followed by the same superscript letter (x,y) are significantly different (p < 
0.05). 
b A 9-point hedonic scale was used with 9=like extremely; 8=like very much; 7=like moderately; 
6=like slightly; 5=neither like nor dislike; 4=dislike slightly; 3=dislike moderately; 2=dislike very 
much; 1=dislike extremely. 
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Table 2 
Mean JAR scores for color and tenderness of marinated boneless/skinless chicken breastsa,b 
 
Sensory characteristic 
Irradiation level 
(kGy) 
Mean score 
  (n = 72)  
   Tartaric 
Water  acid and 
control Extract alone Extract 
Color 0 2.6±0.07d,x 2.9±0.10bc,x 3.1±0.08ab,x 
 2 2.6±0.09c,x 2.8±0.06bc,x 3.2±0.10 a,x 
Tenderness 0 2.9±0.06a,x 2.9±0.07 a,x 2.9±0.07 a,x 
 2 3.0±0.06 a,x 2.9±0.08 a,x 3.0±0.07 a,x 
a Mean values in the same row that are not followed by the same superscript letter (a-d) are 
significantly different (p < 0.05). Mean values in the same column within sensory characteristic 
category that are not followed by the same superscript letter (x,y) are significantly different (p < 
0.05). 
b A 5-point ‘just about right’ (JAR) scale was collapsed into a 3-point JAR scal where 1&2=too 
little, 3=just about right, and 4&5=too much. 
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Figure 1. Internal preference map displaying treatment combinations within grouping of 
consumer liking scores. 
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Figure 2. Penalty analysis results of tenderness scores for JAR test. 
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Figure 3. Penalty analysis results of color scores from JAR test 
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Chapter VIII 
 
Summary and Conclusions 
 
Irradiation is an effective technique to control and destroy pathogens and spoilage 
microorganisms in poultry meat. Although effective in this manner, irradiation is also 
responsible for unwanted quality changes in the meat such as increased rate of lipid oxidation, 
color changes, and off-odors and off-flavors. The degree of severity of these changes has a dose 
dependent relationship with irradiation dose strength. 
In this study, various compounds were evaluated for their potential as pathogen- 
inhibitory additives to chicken breast meat to be used in conjunction with irradiation. With the 
overarching determination to be whether irradiation dose strength could be lessened with the 
addition of antibacterial compounds while maintaining the antibacterial effectiveness. In this 
study, various organic acids and plant extracts were evaluated for their antibacterial activity in 
both broth and meat model systems and in combination with varying levels of irradiation against 
Salmonella Typhimurium, E. coli O157:H7, and Listeria monocytogenes. 
In broth culture, grape seed, green tea, fenugreek, bitter melon seed and rasam extracts 
were evaluated for their pathogen-destroying potential. At 40 mg/mL concentrations, both grape 
seed and green tea exerted inhibitory activity, reducing counts of E.c., L.m., and S.T. to the limit 
of detection (10 CFU/g). Acetic, citric, lactic, malic, and tartaric acids were also evaluated in 
broth culture for their antibacterial efficacy. Citric, malic, and tartaric acids were most effective 
in broth culture at 75 mM concentration. The combination of grape seed and green tea extracts 
and tartaric acid provided further antibacterial activity. 
The antibacterial effect of the previously mentioned organic acids and grape seed and 
green tea extracts were also evaluated in chicken breast meat and compared against control with 
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altered pH to match the pH values of the separate treatments. Citric and tartaric acids were the 
best performing antibacterial compounds of the organic acids, reducing levels of all three 
pathogens to the limit of detection (log 2 CFU/g) after 12 hours storage in refrigerated 
conditions. 
This study demonstrates the addition of grape seed and green tea extracts and tartaric acid 
could minimize irradiation-induce quality changes. This study confirms the increase in lipid 
oxidation associated with irradiation of poultry meat. The addition of the plant extracts and 
tartaric acid significantly reduced the irradiation-induced lipid oxidation during both refrigerated 
fresh storage and extended frozen storage. The addition of grape seed and green tea extracts 
affected the color of the chicken meat. Overall, minimal changes in pH and WHC were found in 
this study. 
The results of this study show that infusing grape seed and green tea in combination with 
tartaric acid and subsequent irradiation at levels below the maximum allowed (3.0 kGy) can 
provide bacteria-destroying capacity equal to irradiation alone at the highest level allowed. This 
study also includes a consumer acceptance study that confirms the addition of the plant extracts 
and tartaric acid at levels found to be effective as Listeria inhibitors does not affect consumer 
acceptance of chicken breast meat. 
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120 Ozark Hall • Fayetteville, Arkansas 72701 • (479) 575-2208 • (479) 575-3846 (FAX) 
Email: irb@uark.edu 
 
Research Support and Sponsored Programs 
Institutional Review Board 
 
April 28, 2009 
 
MEMORANDUM 
 
TO: Kenneth Over 
Jean-Francois Meullenet 
Navam Hettiarachchy 
 
FROM: Ro Windwalker 
IRB Coordinator 
RE: New Protocol Approval 
IRB Protocol #: 09-04-569 
Protocol Title: Consumer Acceptance of Vacuum-Infused Irradiated Chicken 
Breast Meat Treated with Natural Plant Extracts and Organic 
Acids 
Review Type: EXEMPT EXPEDITED FULL IRB 
Approved Project Period: Start Date: 04/24/2009  Expiration Date:  04/23/2010 
 
 
 
Your protocol has been approved by the IRB.  Protocols are approved for a maximum period of 
one year.  If you wish to continue the project past the approved project period (see above), you 
must submit a request, using the form Continuing Review for IRB Approved Projects, prior to the 
expiration date. This form is available from the IRB Coordinator or on the Compliance website 
(http://www.uark.edu/admin/rsspinfo/compliance/human-subjects/index.html).  As a courtesy, 
you will be sent a reminder two months in advance of that date.  However, failure to receive a 
reminder does not negate your obligation to make the request in sufficient time for review and 
approval.   Federal regulations prohibit retroactive approval of continuation. Failure to receive 
approval to continue the project prior to the expiration date will result in Termination of the 
protocol approval.  The IRB Coordinator can give you guidance on submission times.If you wish 
to make any modifications in the approved protocol, you must seek approval prior to 
implementing those changes.   All modifications should be requested in writing (email is 
acceptable) and must provide sufficient detail to assess the impact of the change. 
If you have questions or need any assistance from the IRB, please contact me at 120 Ozark 
Hall, 5-2208, or irb@uark.edu. 
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Appendix B: 
 
Table 1. WHC 12 days fresh storage, main effects of irradiation level 
 
Least Squares Means 
Level (kGy) Estimate* 
 
0 12.8635 
1 13.6593 
2 13.6102 
 
*Standard error of the LSmeans was 0.2184 
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Table 2. WHC 12 days fresh storage, main effect of tartaric acid level 
 
Least Squares Means 
Level (mM) Estimate* 
 
0 13.7508 
37.5 13.0045 
 
*Standard error of the LSmeans was 0.2436 
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Table 3. WHC 9 months frozen storage, 3-way interaction of irradiation*extract*tartaric acid 
level. 
 
Least Squares Means 
 
Effect IR (kGy) Extract (ppm) Tartaric acid (mM) Estimate* 
IR*EXT*TA 0 0 0 13.1414 
IR*EXT*TA 0 0 37.5 12.5008 
IR*EXT*TA 0 6000 0 15.8129 
IR*EXT*TA 0 6000 37.5 12.9971 
IR*EXT*TA 0 9000 0 13.7285 
IR*EXT*TA 0 9000 37.5 14.3136 
IR*EXT*TA 1 0 0 13.0454 
IR*EXT*TA 1 0 37.5 13.3511 
IR*EXT*TA 1 6000 0 13.1568 
IR*EXT*TA 1 6000 37.5 13.4439 
IR*EXT*TA 1 9000 0 13.3662 
IR*EXT*TA 1 9000 37.5 12.9737 
IR*EXT*TA 2 0 0 13.1075 
IR*EXT*TA 2 0 37.5 13.3613 
IR*EXT*TA 2 6000 0 12.8394 
IR*EXT*TA 2 6000 37.5 13.8961 
IR*EXT*TA 2 9000 0 14.8177 
IR*EXT*TA 2 9000 37.5 13.5094 
*Standard error of the LSmeans was 0.6061 
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Table 4. pH 12 days fresh storage, 3-way interaction of extract level*tartaric acid level* time 
 
Least Squares Means 
 
Effect Time (d) IR (kGy) EXT (ppm) TA (mM) Estimate* 
IR*EXT*TA*Time 0 0 0 0 5.9300 
IR*EXT*TA*Time 12 0 0 0 6.2222 
IR*EXT*TA*Time 6 0 0 0 5.9178 
IR*EXT*TA*Time 0 0 0 37.5 5.8900 
IR*EXT*TA*Time 12 0 0 37.5 6.1078 
IR*EXT*TA*Time 6 0 0 37.5 5.8922 
IR*EXT*TA*Time 0 0 6000 0 5.9278 
IR*EXT*TA*Time 12 0 6000 0 6.0778 
IR*EXT*TA*Time 6 0 6000 0 5.9911 
IR*EXT*TA*Time 0 0 6000 37.5 5.9667 
IR*EXT*TA*Time 12 0 6000 37.5 6.1056 
IR*EXT*TA*Time 6 0 6000 37.5 6.0089 
IR*EXT*TA*Time 0 0 9000 0 5.8689 
IR*EXT*TA*Time 12 0 9000 0 6.0800 
IR*EXT*TA*Time 6 0 9000 0 5.9178 
IR*EXT*TA*Time 0 0 9000 37.5 5.8689 
IR*EXT*TA*Time 12 0 9000 37.5 6.0978 
IR*EXT*TA*Time 6 0 9000 37.5 6.0167 
IR*EXT*TA*Time 0 1 0 0 5.9167 
IR*EXT*TA*Time 12 1 0 0 5.8856 
IR*EXT*TA*Time 6 1 0 0 5.9556 
IR*EXT*TA*Time 0 1 0 37.5 5.9411 
IR*EXT*TA*Time 12 1 0 37.5 5.9889 
IR*EXT*TA*Time 6 1 0 37.5 5.9322 
IR*EXT*TA*Time 0 1 6000 0 5.9167 
IR*EXT*TA*Time 12 1 6000 0 6.0944 
IR*EXT*TA*Time 6 1 6000 0 5.9578 
IR*EXT*TA*Time 0 1 6000 37.5 5.9644 
IR*EXT*TA*Time 12 1 6000 37.5 6.0233 
IR*EXT*TA*Time 6 1 6000 37.5 5.9622 
IR*EXT*TA*Time 0 1 9000 0 5.9322 
IR*EXT*TA*Time 12 1 9000 0 6.0522 
IR*EXT*TA*Time 6 1 9000 0 6.0011 
IR*EXT*TA*Time 0 1 9000 37.5 6.0033 
IR*EXT*TA*Time 12 1 9000 37.5 6.1233 
IR*EXT*TA*Time 6 1 9000 37.5 5.9667 
IR*EXT*TA*Time 0 2 0 0 5.8511 
IR*EXT*TA*Time 12 2 0 0 6.3167 
IR*EXT*TA*Time 6 2 0 0 5.9344 
IR*EXT*TA*Time 0 2 0 37.5 5.9544 
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Table 4. pH 12 days fresh storage, 3-way interaction of extract level*tartaric acid level* time 
(cont.) 
 
Least Squares Means 
IR*EXT*TA*Time 12 2 0 37.5 5.8178 
IR*EXT*TA*Time 6 2 0 37.5 5.9600 
IR*EXT*TA*Time 0 2 6000 0 5.9267 
IR*EXT*TA*Time 12 2 6000 0 6.1744 
IR*EXT*TA*Time 6 2 6000 0 6.0511 
IR*EXT*TA*Time 0 2 6000 37.5 5.9011 
IR*EXT*TA*Time 12 2 6000 37.5 6.1867 
IR*EXT*TA*Time 6 2 6000 37.5 6.0733 
IR*EXT*TA*Time 0 2 9000 0 5.8978 
IR*EXT*TA*Time 12 2 9000 0 6.0444 
IR*EXT*TA*Time 6 2 9000 0 6.0678 
IR*EXT*TA*Time 0 2 9000 37.5 6.0133 
IR*EXT*TA*Time 12 2 9000 37.5 6.1333 
IR*EXT*TA*Time 6 2 9000 37.5 5.9589 
*Standard error of the LSmeans was 0.06811 
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Table 5. pH 9 months frozen storage, 3-way interaction of irradiation level*extract level*time 
 
Least Squares Means 
 
Effect Time (month) IR (kGy) EXT (ppm) Estimate* 
IR*EXT*Time 0 0 0 5.9100 
IR*EXT*Time 3 0 0 5.6139 
IR*EXT*Time 6 0 0 6.0389 
IR*EXT*Time 9 0 0 6.1206 
IR*EXT*Time 0 0 6000 5.9472 
IR*EXT*Time 3 0 6000 5.9506 
IR*EXT*Time 6 0 6000 5.9389 
IR*EXT*Time 9 0 6000 5.8222 
IR*EXT*Time 0 0 9000 5.9006 
IR*EXT*Time 3 0 9000 6.1000 
IR*EXT*Time 6 0 9000 5.9944 
IR*EXT*Time 9 0 9000 6.0167 
IR*EXT*Time 0 1 0 5.9289 
IR*EXT*Time 3 1 0 5.8861 
IR*EXT*Time 6 1 0 5.9944 
IR*EXT*Time 9 1 0 6.0000 
IR*EXT*Time 0 1 6000 5.9406 
IR*EXT*Time 3 1 6000 5.9717 
IR*EXT*Time 6 1 6000 5.9111 
IR*EXT*Time 9 1 6000 5.8667 
IR*EXT*Time 0 1 9000 5.9506 
IR*EXT*Time 3 1 9000 5.8700 
IR*EXT*Time 6 1 9000 5.9444 
IR*EXT*Time 9 1 9000 6.0222 
IR*EXT*Time 0 2 0 5.9028 
IR*EXT*Time 3 2 0 5.9289 
IR*EXT*Time 6 2 0 6.0167 
IR*EXT*Time 9 2 0 5.9556 
IR*EXT*Time 0 2 6000 5.9322 
IR*EXT*Time 3 2 6000 5.9567 
IR*EXT*Time 6 2 6000 5.9722 
IR*EXT*Time 9 2 6000 5.8611 
IR*EXT*Time 0 2 9000 5.9994 
IR*EXT*Time 3 2 9000 5.9161 
IR*EXT*Time 6 2 9000 5.9611 
IR*EXT*Time 9 2 9000 5.9889 
*Standard error of the LSmeans was 0.03925 
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Table 6. Color a* 12 days fresh storage, interaction between extract level*tartaric acid level 
 
Effect 
 
EXT (ppm) 
Least Squares Means 
TA (mM) 
 
Estimate* 
EXT*TA 0 0 3.0936 
EXT*TA 0 37.5 3.3775 
EXT*TA 6000 0 4.7263 
EXT*TA 6000 37.5 4.4531 
EXT*TA 9000 0 3.6330 
EXT*TA 9000 37.5 4.3869 
*Standard error of the LSmeans was 0.1846 
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Table 7. Color a* 12 days fresh storage, interaction between tartaric acid level*time 
 
Effect 
 
Time (d) 
Least Squares Means 
TA (mM) 
 
Estimate* 
TA*Time 0 0 3.6512 
TA*Time 12 0 3.5322 
TA*Time 6 0 4.2694 
TA*Time 0 37.5 3.4019 
TA*Time 12 37.5 4.1574 
TA*Time 6 37.5 4.6583 
*Standard error of the LSmeans was 0.1846 
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  Table 8. Color a* 12 days fresh storage, main effect of irradiation level  
Least Squares Means 
 
Irradiation (kGy) Estimate* 
0 3.0691 
1 3.8919 
2 4.8742 
*Standard error of the LSmeans was 0.0906 
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Table 9. Color a* 9 months frozen storage, 3-way interaction of irradiation level*extract 
level*tartaric acid level 
 
Least Squares Means 
 
Effect IR (kGy) EXT (ppm) TA (mM) Estimate* 
IR*EXT*TA 0 0 0 1.9414 
IR*EXT*TA 0 0 37.5 1.8222 
IR*EXT*TA 0 6000 0 2.7022 
IR*EXT*TA 0 6000 37.5 2.7583 
IR*EXT*TA 0 9000 0 2.6936 
IR*EXT*TA 0 9000 37.5 2.4322 
IR*EXT*TA 1 0 0 2.8122 
IR*EXT*TA 1 0 37.5 2.9361 
IR*EXT*TA 1 6000 0 3.8789 
IR*EXT*TA 1 6000 37.5 4.0214 
IR*EXT*TA 1 9000 0 3.6381 
IR*EXT*TA 1 9000 37.5 2.8814 
IR*EXT*TA 2 0 0 4.0433 
IR*EXT*TA 2 0 37.5 3.2847 
IR*EXT*TA 2 6000 0 4.6189 
IR*EXT*TA 2 6000 37.5 4.7978 
IR*EXT*TA 2 9000 0 3.5569 
IR*EXT*TA 2 9000 37.5 4.4394 
*Standard error of the LSmeans was 0.2093 
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Table 10. Color a* 9 months frozen storage, main effect of time 
 
Least Squares Means 
Time (month) Estimate* 
0 3.5265 
3 2.9638 
6 3.4766 
9 3.2018 
*Standard error of the LSmeans was 0.09747  
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Table 11. Maximum shear force (N) 12 day fresh storage, interaction between extract 
level*time 
 
Least Squares Means 
 
Effect Time (month) IR (kGy) EXT (ppm) Estimate* 
IR*EXT*Time 0 0 0 16.2773 
IR*EXT*Time 12 0 0 18.1986 
IR*EXT*Time 6 0 0 17.6813 
IR*EXT*Time 0 0 6000 23.3030 
IR*EXT*Time 12 0 6000 19.8932 
IR*EXT*Time 6 0 6000 18.6473 
IR*EXT*Time 0 0 9000 20.0836 
IR*EXT*Time 12 0 9000 26.9678 
IR*EXT*Time 6 0 9000 24.3799 
IR*EXT*Time 0 1 0 15.9906 
IR*EXT*Time 12 1 0 19.1573 
IR*EXT*Time 6 1 0 15.9752 
IR*EXT*Time 0 1 6000 16.8638 
IR*EXT*Time 12 1 6000 22.9558 
IR*EXT*Time 6 1 6000 20.4860 
IR*EXT*Time 0 1 9000 19.2639 
IR*EXT*Time 12 1 9000 21.5943 
IR*EXT*Time 6 1 9000 26.8731 
IR*EXT*Time 0 2 0 15.3314 
IR*EXT*Time 12 2 0 19.9327 
IR*EXT*Time 6 2 0 19.0452 
IR*EXT*Time 0 2 6000 18.6247 
IR*EXT*Time 12 2 6000 21.4145 
IR*EXT*Time 6 2 6000 21.5826 
IR*EXT*Time 0 2 9000 21.3400 
IR*EXT*Time 12 2 9000 26.1745 
IR*EXT*Time 6 2 9000 24.8769 
*Standard error of the LSmeans was 1.3028 
153  
Table 12. Maximum shear force (N) 9 months frozen storage, 3-way interaction between 
irradiation level*extract level*time 
 
Least Squares Means 
 
Effect Time (month) IR (kGy) EXT (ppm) Estimate* 
IR*EXT*Time 0 0 0 15.3314 
IR*EXT*Time 3 0 0 23.3094 
IR*EXT*Time 6 0 0 19.4371 
IR*EXT*Time 9 0 0 21.5551 
IR*EXT*Time 0 0 6000 19.9327 
IR*EXT*Time 3 0 6000 22.1236 
IR*EXT*Time 6 0 6000 28.4947 
IR*EXT*Time 9 0 6000 27.0745 
IR*EXT*Time 0 0 9000 19.0452 
IR*EXT*Time 3 0 9000 23.2597 
IR*EXT*Time 6 0 9000 25.2352 
IR*EXT*Time 9 0 9000 26.5167 
IR*EXT*Time 0 1 0 17.6813 
IR*EXT*Time 3 1 0 23.9278 
IR*EXT*Time 6 1 0 23.5106 
IR*EXT*Time 9 1 0 25.0398 
IR*EXT*Time 0 1 6000 18.4657 
IR*EXT*Time 3 1 6000 22.2940 
IR*EXT*Time 6 1 6000 23.8788 
IR*EXT*Time 9 1 6000 34.6160 
IR*EXT*Time 0 1 9000 18.1986 
IR*EXT*Time 3 1 9000 26.8675 
IR*EXT*Time 6 1 9000 25.4513 
IR*EXT*Time 9 1 9000 25.5246 
IR*EXT*Time 0 2 0 15.9753 
IR*EXT*Time 3 2 0 24.9761 
IR*EXT*Time 6 2 0 18.8545 
IR*EXT*Time 9 2 0 22.0488 
IR*EXT*Time 0 2 6000 23.3030 
IR*EXT*Time 3 2 6000 26.3412 
IR*EXT*Time 6 2 6000 25.2869 
IR*EXT*Time 9 2 6000 27.1104 
IR*EXT*Time 0 2 9000 19.1573 
IR*EXT*Time 3 2 9000 24.4279 
IR*EXT*Time 6 2 9000 24.8214 
IR*EXT*Time 9 2 9000 30.5826 
*Standard error of the LSmeans was 1.7451 
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Table 13. Hardness 12 days fresh storage, 4-way interaction of irradiation*extract 
level*tartaric acid level*time 
 
Least Squares Means 
 
Effect Time (d) IR (kGy) EXT (ppm) TA (mM) Estimate* 
IR*EXT*TA*Time 0 0 0 0 33.2938 
IR*EXT*TA*Time 12 0 0 0 41.9067 
IR*EXT*TA*Time 6 0 0 0 44.5700 
IR*EXT*TA*Time 0 0 0 37.5 35.7083 
IR*EXT*TA*Time 12 0 0 37.5 42.3600 
IR*EXT*TA*Time 6 0 0 37.5 40.6500 
IR*EXT*TA*Time 0 0 6000 0 44.7007 
IR*EXT*TA*Time 12 0 6000 0 44.7768 
IR*EXT*TA*Time 6 0 6000 0 41.1666 
IR*EXT*TA*Time 0 0 6000 37.5 49.4842 
IR*EXT*TA*Time 12 0 6000 37.5 47.2950 
IR*EXT*TA*Time 6 0 6000 37.5 38.6031 
IR*EXT*TA*Time 0 0 9000 0 42.8264 
IR*EXT*TA*Time 12 0 9000 0 37.5650 
IR*EXT*TA*Time 6 0 9000 0 35.5110 
IR*EXT*TA*Time 0 0 9000 37.5 36.4525 
IR*EXT*TA*Time 12 0 9000 37.5 37.8423 
IR*EXT*TA*Time 6 0 9000 37.5 39.5558 
IR*EXT*TA*Time 0 1 0 0 32.6410 
IR*EXT*TA*Time 12 1 0 0 43.8285 
IR*EXT*TA*Time 6 1 0 0 38.2308 
IR*EXT*TA*Time 0 1 0 37.5 35.0082 
IR*EXT*TA*Time 12 1 0 37.5 47.1600 
IR*EXT*TA*Time 6 1 0 37.5 36.4233 
IR*EXT*TA*Time 0 1 6000 0 42.2138 
IR*EXT*TA*Time 12 1 6000 0 45.5731 
IR*EXT*TA*Time 6 1 6000 0 39.2474 
IR*EXT*TA*Time 0 1 6000 37.5 37.5165 
IR*EXT*TA*Time 12 1 6000 37.5 47.3667 
IR*EXT*TA*Time 6 1 6000 37.5 48.2512 
IR*EXT*TA*Time 0 1 9000 0 36.4198 
IR*EXT*TA*Time 12 1 9000 0 41.7306 
IR*EXT*TA*Time 6 1 9000 0 39.2506 
IR*EXT*TA*Time 0 1 9000 37.5 36.0848 
IR*EXT*TA*Time 12 1 9000 37.5 38.9225 
IR*EXT*TA*Time 6 1 9000 37.5 33.4508 
IR*EXT*TA*Time 0 2 0 0 39.0430 
IR*EXT*TA*Time 12 2 0 0 43.0997 
IR*EXT*TA*Time 6 2 0 0 44.8122 
IR*EXT*TA*Time 0 2 0 37.5 43.4770 
IR*EXT*TA*Time 12 2 0 37.5 44.8132 
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Table 13. Hardness 12 days fresh storage, 4-way interaction of irradiation*extract 
level*tartaric acid level*time (cont.) 
 
IR*EXT*TA*Time 6 2 0 37.5 43.1278 
IR*EXT*TA*Time 0 2 6000 0 40.0394 
IR*EXT*TA*Time 12 2 6000 0 42.9767 
IR*EXT*TA*Time 6 2 6000 0 45.6967 
IR*EXT*TA*Time 0 2 6000 37.5 44.0950 
IR*EXT*TA*Time 12 2 6000 37.5 42.9283 
IR*EXT*TA*Time 6 2 6000 37.5 42.2850 
IR*EXT*TA*Time 0 2 9000 0 34.2903 
IR*EXT*TA*Time 12 2 9000 0 36.1995 
IR*EXT*TA*Time 6 2 9000 0 38.3936 
IR*EXT*TA*Time 0 2 9000 37.5 38.3562 
IR*EXT*TA*Time 12 2 9000 37.5 39.9530 
IR*EXT*TA*Time 6 2 9000 37.5 36.5473 
*Standard error of the LSmeans was 2.2346 
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Table 14. Hardness 9 months frozen storage, main effect of extract level 
 
Least Squares Means 
EXT (ppm) Estimate* 
 
0 35.5703 
6000 37.8240 
9000 38.4199 
 
*Standard error of the LSmeans was 0.5237 
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Table 15. Hardness 9 months frozen storage, main effect of time 
 
Least Squares Means 
 
Time (month) Estimate* 
0 42.8152 
3 37.0724 
6 30.8672 
9 38.3309 
*Standard error of the LSmeans was 0.6369 
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Table 16. Cohesiveness 12 days fresh storage, interaction between extract level*time 
 
Effect 
 
Time (d) 
Least Squares Means 
EXT (ppm) 
 
Estimate* 
EXT*Time 0 0 0.2715 
EXT*Time 12 0 0.2611 
EXT*Time 6 0 0.2678 
EXT*Time 0 6000 0.2571 
EXT*Time 12 6000 0.2541 
EXT*Time 6 6000 0.2614 
EXT*Time 0 9000 0.2427 
EXT*Time 12 9000 0.2567 
EXT*Time 6 9000 0.2314 
*Standard error of the LSmeans was 0.0061 
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Table 17. Cohesiveness 12 days fresh storage, interaction between irradiation level*time 
 
Effect 
 
Time (d) 
Least Squares Means 
IR (kGy) 
 
Estimate* 
IR*Time 0 0 0.2772 
IR*Time 12 0 0.2481 
IR*Time 6 0 0.2528 
IR*Time 0 1 0.2575 
IR*Time 12 1 0.2596 
IR*Time 6 1 0.2517 
IR*Time 0 2 0.2366 
IR*Time 12 2 0.2642 
IR*Time 6 2 0.2561 
*Standard error of the LSmeans was 0.0058 
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Table 18. Cohesiveness 9 months frozen storage, interaction between irradiation level*time 
 
Effect 
 
Time (month) 
Least Squares Means 
IR (kGy) 
 
Estimate* 
IR*Time 0 0 0.2656 
IR*Time 3 0 0.3034 
IR*Time 6 0 0.2805 
IR*Time 9 0 0.2631 
IR*Time 0 1 0.2545 
IR*Time 3 1 0.2996 
IR*Time 6 1 0.2697 
IR*Time 9 1 0.2923 
IR*Time 0 2 0.2763 
IR*Time 3 2 0.2986 
IR*Time 6 2 0.2693 
IR*Time 9 2 0.2567 
*Standard error of the LSmeans was 0.0067 
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Table 19. Cohesiveness 9 months frozen storage, interaction between irradiation level*tartaric 
acid 
 
Effect 
 
IR (kGy) 
Least Squares Means 
TA (mM) 
 
Estimate* 
IR*TA 0 0 0.2836 
IR*TA 0 37.5 0.2727 
IR*TA 1 0 0.2797 
IR*TA 1 37.5 0.2783 
IR*TA 2 0 0.2659 
IR*TA 2 37.5 0.2845 
*Standard error of the LSmeans was 0.0044 
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Table 20. Springiness 12 days fresh storage, main effect of time 
 
Least Squares Means 
 
Time (d) Estimate* 
0 0.4368 
6 0.4509 
12 0.4577 
  *Standard error of the LSmeans was 0.0038  
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Table 21. Springiness 12 days fresh storage, main effect of extract level 
 
Least Squares Means 
EXT (ppm) Estimate* 
 
0 0.4463 
6000 0.4383 
9000 0.4608 
  *Standard error of the LSmeans was 0.0038  
164  
Table 22. Springiness 12 days fresh storage, interaction of irradiation level*tartaric acid level 
 
Effect 
 
IR 
Least Squares Means 
TA 
 
Estimate* 
IR*TA 0 0 0.4395 
IR*TA 0 37.5 0.4581 
IR*TA 1 0 0.4460 
IR*TA 1 37.5 0.4340 
IR*TA 2 0 0.4597 
IR*TA 2 37.5 0.4536 
*Standard error of the LSmeans was 0.0047 
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Table 23. Springiness 9 months frozen storage, interaction between time*irradiation*tartaric 
acid level 
 
Least Squares Means 
 
Effect Time (month) IR (kGy) TA (mM) Estimate* 
IR*TA*Time 0 0 0 0.4497 
IR*TA*Time 3 0 0 0.4752 
IR*TA*Time 6 0 0 0.4952 
IR*TA*Time 9 0 0 0.4462 
IR*TA*Time 0 0 37.5 0.4401 
IR*TA*Time 3 0 37.5 0.4618 
IR*TA*Time 6 0 37.5 0.4888 
IR*TA*Time 9 0 37.5 0.5110 
IR*TA*Time 0 1 0 0.4449 
IR*TA*Time 3 1 0 0.4642 
IR*TA*Time 6 1 0 0.5088 
IR*TA*Time 9 1 0 0.5269 
IR*TA*Time 0 1 37.5 0.4603 
IR*TA*Time 3 1 37.5 0.4676 
IR*TA*Time 6 1 37.5 0.5026 
IR*TA*Time 9 1 37.5 0.4950 
IR*TA*Time 0 2 0 0.4439 
IR*TA*Time 3 2 0 0.4565 
IR*TA*Time 6 2 0 0.5004 
IR*TA*Time 9 2 0 0.4621 
IR*TA*Time 0 2 37.5 0.4552 
IR*TA*Time 3 2 37.5 0.4671 
IR*TA*Time 6 2 37.5 0.5037 
IR*TA*Time 9 2 37.5 0.4957 
*Standard error of the LSmeans was 0.0139 
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Table 24. Springiness 9 months frozen storage, interaction between irradiation*extract 
level*tartaric acid level 
 
Least Squares Means 
 
Effect IR (kGy) EXT (ppm) TA (mM) Estimate* 
IR*EXT*TA 0 0 0 0.4330 
IR*EXT*TA 0 0 37.5 0.4672 
IR*EXT*TA 0 6000 0 0.4818 
IR*EXT*TA 0 6000 37.5 0.4935 
IR*EXT*TA 0 9000 0 0.4849 
IR*EXT*TA 0 9000 37.5 0.4656 
IR*EXT*TA 1 0 0 0.4863 
IR*EXT*TA 1 0 37.5 0.4574 
IR*EXT*TA 1 6000 0 0.4871 
IR*EXT*TA 1 6000 37.5 0.4740 
IR*EXT*TA 1 9000 0 0.4852 
IR*EXT*TA 1 9000 37.5 0.5128 
IR*EXT*TA 2 0 0 0.4380 
IR*EXT*TA 2 0 37.5 0.4536 
IR*EXT*TA 2 6000 0 0.4956 
IR*EXT*TA 2 6000 37.5 0.4999 
IR*EXT*TA 2 9000 0 0.4637 
IR*EXT*TA 2 9000 37.5 0.4878 
*Standard error of the LSmeans was 0.0124 
167  
Table 25. Chewiness 12 days fresh storage, interaction between irradiation level*time 
 
Least Squares Means 
 
Effect Time (d) IR (kGy) Estimate* 
IR*Time 0 0 5.0740 
IR*Time 12 0 4.8055 
IR*Time 6 0 4.4489 
IR*Time 0 1 4.0281 
IR*Time 12 1 5.1963 
IR*Time 6 1 4.4031 
IR*Time 0 2 4.1787 
IR*Time 12 2 5.0804 
IR*Time 6 2 5.0408 
*Standard error of the LSmeans was 0.1791 
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Table 26. Chewiness 12 days fresh storage, main effect of extract level 
 
Least Squares Means 
EXT (ppm) Estimate* 
 
0 4.8447 
6000 4.9529 
9000 4.2877 
  *Standard error of the LSmeans was 0.1008  
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Table 27. Chewiness 9 months frozen storage, main effect of time 
 
Least Squares Means 
 
Time (month) Estimate* 
0 5.1281 
3 5.2524 
6 4.2833 
9 5.1799 
*Standard error of the LSmeans was 0.1451  
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Table 28. Chewiness 9 months frozen storage, main effect of extract level  
Least Squares Means 
 
EXT (ppm) Estimate* 
0 4.4085 
6000 5.2023 
9000 5.2719 
*Standard error of the LSmeans was 0.1197  
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Table 29. GCMS 12 days fresh storage, 3-way interaction of irradiation level*extract level*time 
Least Squares Means 
 
Effect Time (d) IR (kGy) EXT (ppm) Estimate* 
IR*EXT*Time 0 0 0 90.6448 
IR*EXT*Time 12 0 0 123.28 
IR*EXT*Time 6 0 0 110.35 
IR*EXT*Time 0 0 6000 10.4705 
IR*EXT*Time 12 0 6000 23.9336 
IR*EXT*Time 6 0 6000 18.5758 
IR*EXT*Time 0 0 9000 4.8528 
IR*EXT*Time 12 0 9000 12.7716 
IR*EXT*Time 6 0 9000 6.8725 
IR*EXT*Time 0 1 0 104.56 
IR*EXT*Time 12 1 0 144.38 
IR*EXT*Time 6 1 0 122.42 
IR*EXT*Time 0 1 6000 14.5284 
IR*EXT*Time 12 1 6000 30.9612 
IR*EXT*Time 6 1 6000 20.3365 
IR*EXT*Time 0 1 9000 5.8395 
IR*EXT*Time 12 1 9000 10.7353 
IR*EXT*Time 6 1 9000 5.7702 
IR*EXT*Time 0 2 0 113.31 
IR*EXT*Time 12 2 0 199.91 
IR*EXT*Time 6 2 0 131.03 
IR*EXT*Time 0 2 6000 20.0958 
IR*EXT*Time 12 2 6000 33.1689 
IR*EXT*Time 6 2 6000 29.1041 
IR*EXT*Time 0 2 9000 7.8200 
IR*EXT*Time 12 2 9000 16.3523 
IR*EXT*Time 6 2 9000 9.5320 
*Standard error of the LSmeans was 5.7346 
172  
Table 30. GCMS 12 days fresh storage, 2-way interaction between extract level*tartaric acid 
level.   
Least Squares Means 
 
Effect EXT (ppm) TA (mM) Estimate* 
EXT*TA 0 0 134.57 
EXT*TA 0 37.5 118.74 
EXT*TA 6000 0 22.2471 
EXT*TA 6000 37.5 22.4584 
EXT*TA 9000 0 8.7465 
EXT*TA 9000 37.5 9.1526 
*Standard error of the LSmeans was 2.9753 
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Table 31. GCMS 9 months frozen storage, 4-way interaction between irradiation level*extract 
level*tartaric acid level*time 
 
Least Squares Means 
 
Effect Time 
(month) 
IR (kGy) EXT (ppm) TA (mM) Estimate* 
IR*EXT*TA*Time 0 0 0 0 99.9858 
IR*EXT*TA*Time 3 0 0 0 55.9697 
IR*EXT*TA*Time 6 0 0 0 94.1524 
IR*EXT*TA*Time 9 0 0 0 61.6871 
IR*EXT*TA*Time 0 0 0 37.5 79.1443 
IR*EXT*TA*Time 3 0 0 37.5 80.5663 
IR*EXT*TA*Time 6 0 0 37.5 78.0335 
IR*EXT*TA*Time 9 0 0 37.5 67.4769 
IR*EXT*TA*Time 0 0 6000 0 9.3479 
IR*EXT*TA*Time 3 0 6000 0 18.1158 
IR*EXT*TA*Time 6 0 6000 0 21.4000 
IR*EXT*TA*Time 9 0 6000 0 29.0464 
IR*EXT*TA*Time 0 0 6000 37.5 9.2132 
IR*EXT*TA*Time 3 0 6000 37.5 14.5978 
IR*EXT*TA*Time 6 0 6000 37.5 18.8435 
IR*EXT*TA*Time 9 0 6000 37.5 28.3815 
IR*EXT*TA*Time 0 0 9000 0 2.3726 
IR*EXT*TA*Time 3 0 9000 0 2.9899 
IR*EXT*TA*Time 6 0 9000 0 1.3846 
IR*EXT*TA*Time 9 0 9000 0 3.9451 
IR*EXT*TA*Time 0 0 9000 37.5 4.9376 
IR*EXT*TA*Time 3 0 9000 37.5 3.8291 
IR*EXT*TA*Time 6 0 9000 37.5 6.6086 
IR*EXT*TA*Time 9 0 9000 37.5 11.8008 
IR*EXT*TA*Time 0 1 0 0 118.64 
IR*EXT*TA*Time 3 1 0 0 54.8629 
IR*EXT*TA*Time 6 1 0 0 97.0858 
IR*EXT*TA*Time 9 1 0 0 28.8217 
IR*EXT*TA*Time 0 1 0 37.5 88.3518 
IR*EXT*TA*Time 3 1 0 37.5 38.0887 
IR*EXT*TA*Time 6 1 0 37.5 63.6416 
IR*EXT*TA*Time 9 1 0 37.5 100.43 
IR*EXT*TA*Time 0 1 6000 0 13.0989 
IR*EXT*TA*Time 3 1 6000 0 26.3767 
IR*EXT*TA*Time 6 1 6000 0 29.9449 
IR*EXT*TA*Time 9 1 6000 0 33.7073 
IR*EXT*TA*Time 0 1 6000 37.5 13.5889 
IR*EXT*TA*Time 3 1 6000 37.5 19.9107 
IR*EXT*TA*Time 6 1 6000 37.5 29.5805 
IR*EXT*TA*Time 9 1 6000 37.5 29.4917 
IR*EXT*TA*Time 0 1 9000 0 4.1720 
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Table 31. GCMS 9 months frozen storage, 4-way interaction between irradiation level*extract 
level*tartaric acid level*time (cont.) 
 
IR*EXT*TA*Time 3 1 9000 0 5.8673 
IR*EXT*TA*Time 6 1 9000 0 6.3358 
IR*EXT*TA*Time 9 1 9000 0 8.0192 
IR*EXT*TA*Time 0 1 9000 37.5 5.1141 
IR*EXT*TA*Time 3 1 9000 37.5 1.6262 
IR*EXT*TA*Time 6 1 9000 37.5 3.9671 
IR*EXT*TA*Time 9 1 9000 37.5 6.8604 
IR*EXT*TA*Time 0 2 0 0 127.24 
IR*EXT*TA*Time 3 2 0 0 86.5173 
IR*EXT*TA*Time 6 2 0 0 43.8310 
IR*EXT*TA*Time 9 2 0 0 71.6105 
IR*EXT*TA*Time 0 2 0 37.5 97.2754 
IR*EXT*TA*Time 3 2 0 37.5 108.18 
IR*EXT*TA*Time 6 2 0 37.5 102.74 
IR*EXT*TA*Time 9 2 0 37.5 56.4711 
IR*EXT*TA*Time 0 2 6000 0 19.3855 
IR*EXT*TA*Time 3 2 6000 0 22.6579 
IR*EXT*TA*Time 6 2 6000 0 39.0931 
IR*EXT*TA*Time 9 2 6000 0 35.4784 
IR*EXT*TA*Time 0 2 6000 37.5 18.4524 
IR*EXT*TA*Time 3 2 6000 37.5 27.2277 
IR*EXT*TA*Time 6 2 6000 37.5 35.0999 
IR*EXT*TA*Time 9 2 6000 37.5 38.6557 
IR*EXT*TA*Time 0 2 9000 0 5.3908 
IR*EXT*TA*Time 3 2 9000 0 1.6030 
IR*EXT*TA*Time 6 2 9000 0 0.9619 
IR*EXT*TA*Time 9 2 9000 0 8.0266 
IR*EXT*TA*Time 0 2 9000 37.5 7.8619 
IR*EXT*TA*Time 3 2 9000 37.5 4.9574 
IR*EXT*TA*Time 6 2 9000 37.5 2.3680 
IR*EXT*TA*Time 9 2 9000 37.5 4.2501 
*Standard error of the LSmeans was 11.4384 
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